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MAGNE TORES I STANCE DEVICE 
AND METHOD OF FABRICATING THE SAME 

Background of the Invention 

Field Of the Invention 

The present invention is related to a 
magnet or es i s tance device and method of 
fabricating the same, particularly, to a 
magnetores is tance device including a magnetic 
tunnel junction (MTJ), which exhibits a tunneling 
magnetoresistance effect ( TMR ) , and method of 
fabricating the same . 

2^ Description of the Related Art 

A resistance of a magnetic tunnel junction, 
which consists of two ferromagnetic layers and a 
tunnel barrier layer (or a tunnel dielectric 
layer) disposed therebetween, changes depending 
on the relative direction of the magnetizations 
of the magnetic tunnel junction. Such phenomenon 
is known as a tunnel magnetoresistance effect. 
Measuring the resistance of the magnetic tunnel 
junction allows the detection of the direction of 
the ferromagnetic layers . Making use of such 
characteristics of the magnetic tunnel junction, 
magnetoresistance devices including magnetic 
tunnel junctions are used for magnetic random 
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access memories ( MRAMs ) , which store data in a 
non-volatile fashion, and magnetic read heads for 
hard disc drives . 

Magnet oresis tance elements, which include a 
5 magnetic tunnel Junction, are typically composed 
of a fixed magnetic layer, a free ferromagnetic 
layer, and a tunnel dielectric layer disposed 
between the fixed and free magnetic layers. The 
fixed magnetic layer has spontaneous 
10 magnetization whose direction is fixed, while the 
free magnetic layer has spontaneous magnetization 
whose direction is reversible. 

In order to tightly fix spontaneous 
magnetization, fixed ferromagnetic layers are 
15 often formed to be in contact with 

antif erromagnet ic layers. Exchange interaction 
provided by an ant if erromagnet ic layer tightly 
fixes the spontaneous magnetization of a fixed 
ferromagnetic layer. In general, 
20 antif erromagnetic layers are formed of manganese- 
including ant if erromagnetic materials, such as 
IrMn, and PtMn. 

Furthermore, a free ferromagnetic layer is 
often composed of hard and soft ferromagnetic 
25 layers, the hard ferromagnetic layer being made 
of ferromagnetic materials having high spin 
polarization ratios, and the soft magnetic layer 
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being made of soft ferromagnetic materials. Such 
structure of a free ferromagnetic layer reduces 
the coercive force of the spontaneous 
magnetization of the free ferromagnetic layer 
5 with an increased magnetoresis tance ratio (MR 
ratio) of the magnetic tunnel Junction. Hard 
ferromagnetic layers are generally made of 
cobalt - including ferromagnetic materials, such as 
Co and CoFe, while soft ferromagnetic layers are 
10 generally made of nickel- including ferromagnetic 
materials, such as NiFe. 

One of the issues of magne t or e s i s t ance 
elements is thermal stability. Subjecting 
magnet oresis tance elements to a high temperature 
15 causes interdif fusion between layers incorporated 
therein. This int erdif f us ion deteriorates the 
characteristics of the magnet oresis tance elements, 
especially the magnetoresis tance ratio. Patent 
document 1 presents a problem concerning 
20 int erdif fusion between hard and soft 

ferromagnetic layers. The essential point is that 
nickel included in the soft ferromagnetic layer 
is diffused into the hard ferromagnetic layer. 
Diffusion of nickel into a hard ferromagnetic 
25 layer deteriorates the magne t oresis tance element. 
Japanese Open Laid Patent Application No. P2000- 
20922A discloses that an oxide or nitride layer 
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for preventing interdif fusion is disposed between 
hard and soft ferromagnetic layers. Japanese Open 
Laid Patent Application No* Jp-A 2002-158381 
addresses a problem that manganese from 
5 manganese - including an t if err omagne t ic s diffuses 
into fixed ferromagnetic layers. This documents 
discloses a technique for avoiding diffusion of 
manganese into a fixed ferromagnetic layer by 
incorporating two ferromagnetic layers and a 
10 dielectric or amorphous layer disposed 

therebetween into the fixed magnetic layer. 
Japanese Open Laid Patent Application No. Jp-A 
2001-237471 discloses a technique for improving 
thermal stability of magnetoresis tance elements 
15 by inserting magnetic oxide layers into fixed and 
free ferromagnetic layers. Japanese Open Laid 
Patent Application No. Jp-A-Heisei 10-65232 
addresses a problem of interdif fusion between a 
free ferromagnetic layer and a buffer layer 
20 disposed under the free ferromagnetic layer. This 
document discloses a technique for reducing the 
thermally induced diffusion into the buffer layer 
and thereby improving thermal stability by 
disposing an atomic diffusion barrier layer 
25 formed of oxides, nitrides, carbides, borides , or 
fluorides between the free ferromagnetic layer 
and the buffer layer. 
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Japanese Open Laid Patent Application No. 
Jp-A 2002-74627 discloses a technique for 
increasing electron reflectivity and thereby 
improving thermal stability by disposing a high 
5 conductivity layer and an electron reflection 
layer which is substantially crystalline, and 
mainly includes an element different from the 
main element used for the high conductivity layer. 
This document also discloses that the electron 

10 reflection layer includes a first layer close to 
the free magnetic layer, and a secpnd layer far 
from the free magnetic layer, the first layer 
consisting of an oxide of an element that is more 
easily oxidized than that consisting of the 

15 second layer. 

Another issue of magnet ©resistance elements 
is reduction in coercive forces of free 
ferromagnetic layers. A free ferromagnetic layer 

20 composed of a layered structure including hard 
and soft ferromagnetic layers may not have the 
coercive force reduced sufficiently in the case 
that an increased MR ratio is required. 

Reduction of the coercive force can be 

25 achieved by reducing the product of magnetization 
M s and thickness t of the free ferromagnetic layer 
(which is referred to as "the product M s *t u , 



hereinafter). An explanation of the reason is 
given in the following* For a uniaxial free 
ferromagnetic layer, the coercive field thereof 
depends on a total anisotropy field of the free 
ferromagnetic layer. For the magnetoresis tance 
element having the size of the sub-micron order, 
a total anisotropy field of the free 

ferromagnetic layer mostly arises from the shape- 
induced anisotropy field of the free 
ferromagnetic layer. Therefore, the coercive 
force of the ferromagnetic layer is approximately 
equal to the s hape - induced anisotropy field H a . 
For this case, the anisotropy field H a is 
represented by the following equation (1): 

H a = 4rtM fi (N x -N y ) , „.( 1 ) 

where M s is the saturated magnetization of the 
free ferromagnetic layer, and N x and N y are 
demagnetization factors of the magnetoresis tance 
element in the directions along the long and 
short sides, respectively. For a given thickness 
of the free ferromagnetic layer, N x -N y increases 
as an increase in the ratio of the long side to 
the short side (or the aspect ratio), and this 
results in an increase in the shape - induced 
anisotropy field H a . Furthermore, the reduction 
in the size of the free ferromagnetic layer 
increases the anisotropy field H a , because of the 
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increase in the demagnetization factors as the 
reduction in the size of the free ferromagnetic 
layer. For a fixed aspect ratio, the anisotropy 
field H a is approximately described by the 
5 following equation (2): 

H a s 4jtM s - t/W, -(2) 
where W is the length of the short side of the 
free ferromagnetic layer, and t is the thickness 
of the free ferromagnetic layer. The equation (2) 
10 indicates that the coercive force of the free 
ferromagnetic layer can be reduced by reducing 
the product M s • t . In general, reducing the 
thickness t of the free ferromagnetic layer 
achieves the reduction in product M s • t , and 
15 thereby reduces the coercive force of the free 
f erromagne t ic layer. 

Additionally, Zhang et al. discloses a 
magnetic tunnel junction including an FeO x layer 
disposed between an A1 2 0 3 layer and a CoFe layer, 
20 in Applied Physics Letters vol.89, No. 19, 7 May 
2001, pp. 2911-2913. 

Furthermore, Matsuda et al . discloses that 
magnetoresis tances of magnetic tunnel Junctions 

are reduced by a geometrical structure of the 

• .. f 
25 junctions in Applied Physics Letters, vol. 77, No. 

19, 6 November 2000, pp. 3060-3062. 

In addition, Moodera et al . discloses 
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magne toresis tances of magnetic tunnel junctions 
are increased by a geometrical structure of the 
junctions in Applied Physics Letters, vol. 69, No. 
5, 29 July 1996, pp. 708-710. 
5 Also, Ohnuma et al . discloses a technique 

for forming a highly resistive soft magnetic film 
with granular metal consisting of cobalt base 
alloy, iron base alloy, and a non-magnetic oxide 
or nitride . 

10 

The inventor of the present invention has 
discovered that in terdif fusion between a 
magne toresis tance element and a conductor 
electrically connecting the magnetoresistance 
15 element to other elements causes an undesirable 
influence on the characteristics of the 
magnetoresistance element. Operating a 
magnetoresistance element requires electrical 
connections of the magnetoresistance element with 
20 other elements (such as transistors). Therefore, 
a magnetoresistance element is connected to 
conduct or s • such as via contacts and - 
interconnections that are electrically connected 
to other elements. In general, such conductors 
25 are formed of aluminum, copper, tungsten, or 
titan nitride, as is the case of other 
semiconductor integrated circuits. Tantalum, 
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ruthenium, zirconium, or molybdenum may be used 
for a conductor providing electrical connections 
between magnet oresistance elements and other 
elements. The interdif fusion between a 
5 magnet ©resist ance element and a conductor that 
electrically connects the magne toresis t ance 
element to other elements causes the following 
three influences. 

Firstly, the diffusion of material included 
10 in the conductor into the magnetic tunnel 

Junction reduces the MR ratio thereof. For a 
conductor including aluminum, diffusion of 
aluminum into the magnetic tunnel junction is 
especially serious, because aluminum is diffused 
15 by applying relatively low temperature. In 

another aspect, the diffusion of the material of 
the conductor is essential because the diffusion 
of material included in the conductor, especially 
aluminum, into the antif erromagnet ic layer and 
20 the soft ferromagnetic layer promotes the 

diffusion of manganese from the ant if err omagne t ic 
layer and nickel from the soft ferromagnetic 
layer into the tunnel barrier layer. 

Secondly, the diffusion of material 
25 included in the magnetoresis tance element into 
the conductor, which electrically connects the 
magnetoresistance element with other elements, 
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increases the resistance of the conductor. The 
increase in the resistance of the conductor 
deteriorates the SN ratio for detecting the 
resistance of the magnetic tunnel junction. 
5 Especially, since manganese included in the 

antif erromagnetic layer, and nickel in the soft 
ferromagnetic layer are diffused by relatively 
low temperature, the increase in the resistance 
caused by the diffusion of manganese and nickel 
10 is of significance. 

Thirdly, thermal diffusion of material of 
the free ferromagnetic layer into the conductor 
that electrically connects the free ferromagnetic 
layer with other elements makes it difficult to 
15 achieve reduction in the coercive force through 
reducing the thickness t of the free 
ferromagnetic layer. This is because diffusion 
caused by a thermal treatment causes a large 
change in the characteristics thereof, and thus 
20 reduces operation reliability of the 

raagnetoresistance element when the free 
ferromagnetic layer is decreased in .the thickness. 
Fig. 26 is a graph illustrating influences caused 
by thermal treatments on 4jtM s • t of free 
25 ferromagnetic layers having reduced thicknesses t. 
The characteristics of the free ferromagnetic 
layers are obtained under the condition described 
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in the following; the structure of the samples is 

sub. /Ta( lOnm) /A10 x /Ni B1 Fe 1? /Ta( lOnm) . 
The A10 x films are formed through oxidizing 
aluminum films having a thickness of 1.5 ntn. The 
thicknesses of the Ni 81 Fe 19 films are selected out 
of the values of 3.0 nm, 2.6 nm, and 2.2 nm . The 
Ni 81 Fe 19 films deposited through sputtering. The 
temperature of the thermal treatment ranges 
between 250° and 400° C, and the duration is 30 
minutes. Magnetizations M s are measured with a 
vibration magnetometer . 

As illustrated in Fig. 26, thermal 
treatment on the Ni 81 Fe 19 films having thicknesses 
t less than 30nm causes drastic changes in 4jtM s *t 
thereof; furthermore 4;tM s -t is remarkably 
decreased as the decrease in the thickness t and 
the increase of the temperature of the thermal 
treatment. These samples exhibit poor 
repeatability. As thus - described , thermal 
treatment destabilizes 4riM s • t of the free 
ferromagnetic layer when the thickness thereof is 
reduced down to 3 nm . Such Instability prevents 
reduction of the thickness t of free 
ferromagnetic layers. 

There is a need for providing a technique 
for reducing interdif fusion between a 
magnetoresis tance element and a conductor 
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providing electrical connections between the 
magnetoresis tance element and other elements. 

Summary of the Invention 

An object of the present invention is to 
provide a technology for further improving 
thermal stability of a magnet or esistance element. 

Another object of the present invention is 
to provide a technology for further improving 
thermal stability of a magnet oresis tance element 
through preventing in t er di f f us ion between layers 
incorporated within the magnetoresis tance element 
and a conductor (such as a via contact and an 
interconnection) that electrically connects the 
magnetoresis tance element with other elements. 

Still another object of the present 
invention is to provide a technology for 
preventing a phenomenon in which a resistivity of 
a conductor that provides electrical connections 
between a magne t or es i s t ance element and other 
elements is increased by diffusion of material 
included in layers incorporated within the 
magnetoresis tance element, especially nickel and 
manganese, into the conductor. 

Still another object of the present 
invention is to provide a technology for a 
phenomenon in which characteristics of a 
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magnet oresistance element is deteriorated by- 
diffusion of material included in a conductor 
that electrically connects the magnet oresis tance 
element with other elements into the 
magne tore sis tance element . 

Still another object of the present 
invention is to provide a technology which 
prevents a phenomenon in which characteristics of 
a magnetoresis tance element is deteriorated by- 
diffusion of manganese or nickel, which are 
included in the magne toresis tance element, into 
the tunnel dielectric layer of the 
magnetoresis tance element, while maintaining 
magnetic or electrical coupling within the fixed 
and free ferromagnetic layers of the 
magnetoresistance element . 

Still another object of the present 
invention is to provide a technology for 
achieving reduction in the thickness of a free 
ferromagnetic layer to thereby reduce the 
coercive force thereof. 

Still another object of the present 
invention is to provide a technology for reducing 
the thickness of the free ferromagnetic layer, 
and reducing the coercive force thereof through 
preventing diffusion of material included in a 
free ferromagnetic layer. 
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Still another object of the present 
invention is to provide a technology for reducing 
a coercive force with superior rect angular lty of 
the magnetoresis tance curve of a free 
ferromagnetic layer and reduced variances of the 
coercive force, and thereby achieving reduction 
in an aspect ratio and size of the 
magnetoresistance element . 

In one aspect of the present invention, a 
magnetoresistance device in accordance with the 
present invention is composed of a 
magnetoresistance element, a non-magnetic 
conductor that electrically connects the 
magnetoresistance element with another element, 
and a diffusion barrier structure disposed 
between the conductor and the magnetoresistance 
element, wherein the magnetoresistance element 
includes a free ferromagnetic layer having 
reversible free spontaneous magnetization, a 
fixed ferromagnetic layer having fixed 
spontaneous magnetization, and a tunnel 
dielectric 'layer disposed between tlie free and 
fixed ferromagnetic layers. The conductor which 
electrically connects the magnetoresistance 
element is typically composed of a via contact 
and an interconnection layer. 

The diffusion barrier structure is designed 
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to have a function for preventing at least one 
material of the conductor from being diffused 
into the magnetoresistance element. Furthermore, 
the diffusion barrier structure is designed to 
5 have a function for preventing at least one 

material of the magnetoresistance element from 
being diffused into the magnetoresistance element. 

It is important to design the diffusion 
barrier structure for preventing both diffusions 
10 from the conductor into the magnetoresistance 
element and from the magnetoresistance element 
into the conductor. One of the diffusions from 
the conductor into the magnetoresistance element 
and from the magnetoresistance element into the 
15 conductor causes another diffusion. Therefore, 

the fact that an oxidization layer prevents both 
of these diffusions is quite preferable in terms 
of improvement of the magnetoresistance element. 
Such structure is effective in the case 
20 that the conductor includes at least one element 
selected from among the group consisting of Al , 
Cu, Ta, Ru; Zr, Ti, Mo, and W. 

The diffusion barrier structure is 
preferably formed of material selected among from 
25 the group consisting of oxides, nitrides, and 
oxynitrides . These materials are easy to be 
formed densely, and thus provide an improved 
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diffusion barrier. The formation of the diffusion 
barrier structure with conductive nitrides 
desirably reduces the resistance thereof, and 
thereby improves SN ratio of the 
5 magne toresis tance element. The diffusion barrier 
structure preferably consists of oxide of element 
having a free energy of oxide formation less than 
those of elements included in layers connected on 
top and bottom surfaces of the diffusion barrier 
10 structure. The diffusion barrier structure 

preferably consists of nitride of element having 
a free energy of nitride formation less than 
those of elements included in layers connected on 
top and bottom surfaces of the diffusion barrier 
15 structure. Correspondingly, the diffusion barrier 
structure preferably consists of oxynitride of 
element haying free energies of oxide and nitride 
formations less than those of elements included 
in layers connected on top and bottom surfaces of 
20 the diffusion barrier structure. In detail, the 
diffusion barrier structure is preferably formed 
of material selected from among the .group 
consisting of A10 x , MgO x , SiO x , TiO x , CaO x , LiO x , 
HfO x , A1N, A1NO, SiN, SiNO, T i N , TiNO, BN , TaN, 
25 H f NO , and ZrN. 

In the case that the diffusion barrier 
structure is formed of oxide, it would be 
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preferable if the tunnel dielectric layer and the 
diffusion barrier structure are formed of the 
same material. Such structure effectively reduces 
the cost required for depositing the tunnel 
5 dielectric layer and the diffusion barrier layer. 
In this case, the diffusion barrier layer is 
preferably thinner than the tunnel dielectric 
layer. Additionally, in order to increase the SN 
ratio of detecting the direction of the 
10 spontaneous magnetization of the free 

ferromagnetic layer, the through-thickness 
resistance of the oxide layer is preferably 
smaller than that of the tunnel dielectric layer. 



15 second conductors, the first conductor being 

electrically connected to the fixed ferromagnetic 
layer without involving the tunnel dielectric 
layer, and the second conductor being 



20 layer without involving the tunnel dielectric 

layer, the diffusion barrier structure preferably 
includes first and second diffusion barrier 
layers, the first diffusion barrier layer being 
disposed between the first conductor and the 

25 fixed ferromagnetic layer, and the second 

diffusion barrier layer being disposed between 
the second conductor and the free ferromagnetic 



When the conductor includes first and 




connected to the free ferromagnetic 
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layer. Such structure effectively prevents both 
of the two kinds of interdif fusions : one between 
the fixed ferromagnetic layer and the first 
conductor, and the other between the free 
ferromagnetic layer and the second conductor. The 
first and second diffusion barrier layers are 
preferably formed of material selected from among 
the group consisting of oxides, nitrides, and 
oxynit rides . 

The magne toresis t ance device may include a 
manganese - including layer. A layer formed of 
ant if erromagnet ic layer such as PtMn, and IrMn is 
a typical manganese-including layer. In this case, 
the oxide layer is preferably disposed between 
the manganese - including layer and the conductor. 
In another embodiment, the magnet oresist ance 
device may include a nickel - including layer. A 
layer formed of magnetically soft ferromagnetic 
material such as NiFe is a typical nickel- 
including layer. In this case, the oxide layer is 
preferably disposed between the nickel - including 
layer and the conductor. 

When the conductor includes a first 
conductor electrically connected to the fixed 
ferromagnetic layer without involving the tunnel 
dielectric layer, the oxide layer includes a 
first oxide layer formed of oxide and disposed 
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between the fixed ferromagnetic layer, and the 
magnet oresis tance element includes a manganese- 
including ant if erromagne t ic layer connected to 
the fixed ferromagnetic layer, then the 
ant if erromagnet ic layer is preferably positioned 
between the fixed ferromagnetic layer and the 
first oxide layer. This structure effectively 
prevents the diffusion of manganese from the 
ant if erromagne tic layer to the first conductor. 

It would be preferable if the fixed 
ferromagnetic layer Includes a ferromagnetic 
layer directly contacted with the tunnel 
dielectric layer, and a composite magnetic layer 
disposed between the ferromagnetic and 
ant if erromagnetic layers, the composite magnetic 
layer being formed of mixture of non-oxidized 
metal ferromagnetic material as main material and 
oxide of non-magnetic element more reactive to 
oxygen than the metal ferromagnetic material as 
sub material. The composite magnetic layer having 
this structure effectively prevents the diffusion 
of manganese included in the antif erromagnet ic 
layer into the tunnel dielectric layer while 
allowing exchange interaction from the 
antif erromagnet ic layer to the ferromagnetic 
layer. This results in that the composite 
magnetic layer and the ferromagnetic layer 
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functions as the fixed ferromagnetic layer, and 
that deterioration of the magnetic tunnel 
junction, which is potentially caused by 
diffusion of manganese, is reduced. The 
ferromagnetic layer and the metal ferromagnetic 
material included in the composite magnetic layer 
preferably are formed of metal ferromagnetic 
alloy mainly consisting of cobalt. Cobalt has a 
high spin polarization ratio and exhibits high 
oxidization-resistance, while being hard to be 
diffused because of its thermally stability. 

The free ferromagnetic layer preferably 
includes a ferromagnetic layer directly contacted 
with the tunnel dielectric layer and a composite 
magnetic layer connected to the ferromagnetic 
layer, wherein the composite magnetic layer is 
formed of mixture of non-oxidized metal 
ferromagnetic material as main material, and 
oxide material as sub material, the oxide 
material being oxide of non-magnetic element more 
reactive to oxygen than the metal ferromagnetic 
material. The composite magnetic layer having 
this structure is relatively magnetically soft 
because of its reduced crystalline magnetic 
anisotropy, and thus allows the free 
ferromagnetic layer to be magnetically soft 
without including nickel. 
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In the case that the free ferromagnetic 
layer includes nickel and the conductor includes 
a second conductor electrically connected to the 
free ferromagnetic layer without involving the 
5 tunnel dielectric layer, the oxide layer 

preferably Includes a second oxide layer disposed 
between the free ferromagnetic layer and the 
second conductor. This structure effectively 
prevents the diffusion of material included in 
10 the second conductor into the magne toresis t ance 
element while preventing the diffusion of nickel 
included in the free ferromagnetic layer into the 
second conductor. 

In this case, the second oxide layer is 
preferably in direct contact with a nickel- 
including ferromagnetic layer incorporated within 
the free ferromagnetic layer. This structure 
avoids the change in the composition of the 
nicke 1 - including ferromagnetic layer, and thereby 
improves the characteristics of the 
magnetoresistance element. 

It is also preferable that the free 
ferromagnetic layer includes a first nickel-free 
ferromagnetic layer, a composite magnetic layer, 
and a nickel -including second ferromagnetic layer, 
the first ferromagnetic layer being directly 
contacted with the tunnel dielectric layer. 
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wherein the composite magnetic layer is formed of 
mixture of non - oxidized metal ferromagnetic 
material as main material, and oxide material as 
sub material, the oxide material being oxide of 
5 non-magnetic element more reactive to oxygen than 
the metal ferromagnetic material, and the second 
ferromagnetic layer being connected to the 
composite magnetic layer and magnetically softer 
that the composite magnetic layer and the first 
10 ferromagnetic layer. The composite magnetic layer 
prevents diffusion of nickel from the second 
ferromagnetic layer into the tunnel dielectric 
layer, while allowing the second ferromagnetic 
layer to effect exchange interaction on the first 
15 ferromagnetic layer. This achieves a magnetically 
soft magnetic resistance device with reduced 
nickel diffusion into the tunnel dielectric layer. 
The metal ferromagnetic material included in the 
first ferromagnetic layer and the composite 
20 magnetic layer preferably consists of metal 

ferromagnetic alloy mainly consisting of cobalt. 
Cobalt has a high spin polarization 'ratio and 
exhibits high oxi di z a t io n - r e s i s t anc e , while being 
hard to be diffused because of its thermally 
25 stability. 

The free ferromagnetic layer preferably 
includes a first ferromagnetic layer directly 
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connected to the tunnel dielectric layer, a first 
composite magnetic layer connected to the first 
ferromagnetic layer, a second composite magnetic 
layer, and a non-magnetic layer disposed between 
the first and second composite magnetic layer to 
provide antiferromagnetically coupling 
therebetween, the first and second composite 
magnetic layer includes mixture of non-oxidized 
metal ferromagnetic material and non-magnetic 
metal oxide. The non-magnetic layer keeps the 
spontaneous magnetization of the second composite 
magnetic layer antiparallel to those of the first 
composite magnetic layer and the first 
ferromagnetic layer, and thereby makes the free 
ferromagnetic layer magnetically softer. This 
structure allows the free ferromagnetic layer to 
be magnetically soft without including nickel. 

In order to make the free ferromagnetic 
layer magnetically softer, it is preferable that 
the free ferromagnetic layer further includes a 
second ferromagnetic layer connected to the 
second composite magnetic layer, which includes 
nickel and is magnetically softer than the first 
and second composite magnetic layers and the 
first ferromagnetic layer. Nickel included in the 
second ferromagnetic layer makes the free 
ferromagnetic layer magnetically softer. It 
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should be noted that the first and second 
composite magnetic layers avoid a problem that 
nickel is potentially diffused into the tunnel 
dielectric layer. The first ferromagnetic layer, 
5 the metal ferromagnetic material included in the 
first and second composite magnetic layers are 
preferably formed of metal ferromagnetic alloy 
mainly consisting of cobalt. Cobalt has a high 
spin polarization ratio and exhibits high 

10 oxidization-resistance, while being hard to be 
diffused because of its thermally stability. 

For the free ferromagnetic layer including 
the first and second composite magnetic layers 
and the non-magnetic layer, it is preferable that 

15 the free ferromagnetic layer further includes a 
third ferromagnetic layer disposed between the 
first comppsite magnetic layer and the non- 
magnetic layer, and a fourth ferromagnetic layer 
disposed between the second composite magnetic 

20 layer and the non-magnetic layer, the third and 

fourth ferromagnetic layers being formed of metal 
ferromagnetic layers mainly consisting of cobalt. 

When the magnetoresistance device further 
includes a magnetic bias element providing the 

25 free ferromagnetic layer with a bias magnetic 

field, the magnetic bias element being composed 
of a magnetic bias ferromagnetic layer, and a 
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magnetic bias antif erromagnetic layer including 
manganese and connected to the magnetic biasing 
ferromagnetic layer, then the oxide layer 
preferably includes a first oxide layer disposed 
5 between the magnetic bias element and the free 
ferromagnetic layer, and a second oxide layer 
disposed between the magnetic bias element and 
the second conductor. 

In the case that the conductor includes a 

10 second conductor electrically connected to the 
free ferroelectric layer without involving the 
tunnel dielectric layer, the diffusion barrier 
structure preferably includes a second diffusion 
barrier layer between the free ferroelectric 

15 layer and the second conductor. 

It is preferable that the second diffusion 
barrier layer is directly contacted with the free 
ferroelectric layer and the free ferroelectric 
layer has a thickness less than 3 nm; especially, 

20 it is preferable that the product of the 

saturated magnetization and thickness of the free 
ferroelectric layer is less than 3 (-T'nm) . 

Preferably, the free ferroelectric layer 
includes a n i eke 1 - inc lud in g ferroelectric film 

25 and the second diffusion layer is directly 

contacted with the ni eke 1 - i n c ludin g ferroelectric 
film. 
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The free ferroelectric layer preferably 
includes a ferroelectric layer directly connected 
to the tunnel dielectric layer, and a 
magnetization control structure composed of non- 
5 magnetic element and ferromagnetic material 
included in the ferroelectric layer. 

The magnetization control structure is 
preferably non-magnetic. 

The magnetization control structure 
10 preferably consists of oxide or nitride of the 
ferroelectric material included in the 
ferroelectric layer. 

The non-magnetic material preferably 
consists of one or more elements selected from Ru f 
15 Pt, Hf, Pd, Al, W, Ti, Cr, Si, Zr, Cu, Zn, Nb # V, 
Cr, Mg, Ta, and Mo. It is also preferable that 
the non-magnetic material is segregated at grain 
boundaries of the ferromagnetic material. 

The free ferromagnetic layer is preferably 
20 formed so that the s t res s - induced and shape- 
induced magnetic anisotropies exhibit the axes of 
easy magnetization in the same direction. 

Specifically, it is preferable that the 
free ferromagnetic layer extends in a first 
25 direction and has a positive magnetostriction 
constant with a compressive stress exerted 
thereon in a second direction perpendicular to 
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the first direction. Alternatively, a tensile 
stress is preferably exerted on the free 
ferromagnetic layer in the first direction. 

In the case that the free ferromagnetic 
5 layer has a negative magnetostriction constant, a 
compressive stress is preferably exerted on the 
free ferromagnetic layer in the first direction; 
instead, a tensile stress is preferably exerted 
in the second direction perpendicular to the 

10 first direction. 

Control of the stress may be achieved by a 
relative direction of the major axis of the free 
ferroelectric layer and a lower interconnection. 
Specifically, in the case that the free 

15 ferromagnetic layer has a positive 

magnetostriction constant and the free 
ferroelectric layer extend in a first direction, 
the lower interconnection is formed to extend in 
the first direction. 

20 In the case that the free ferromagnetic 

layer has a negative magnetostriction constant 
and the free ferroelectric layer and tunnel 
dielectric layer contact with each other on a 
contact interface extending in the first 

25 direction, which is perpendicular to the second 
direction, then the lower interconnection is 
formed to extend in the second direction. 
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The free ferromagnetic layer preferably has 
a stress -induced magnetic anisotropy larger than 
the shape - induced magnetic anisotropy thereof. 
Such characteristics of the free ferromagnetic 
layer is especially preferable for the case that 
the free ferromagnetic layer has major and minor 
axes, the minor axis being perpendicular to the 
major axis, and an aspect ratio, which is defined 
as the ratio of the major axis to the minor axis, 
is equal to or more than 1.0 and equal to or less 
than 2.0, 

Brief Description of the Drawings 

Fig. 1 is a cross sectional view 
illustrating one embodiment of the 

magnetoresistance device in accordance with the 
present invention; 

Fig. 2 is a cross sectional view 
illustrating a first modification of the 
magnetoresistance device in this embodiment, 
including a thick bottom contact layer 12'; 

Fig.- 3 is a cross sectional view 
illustrating a second modification of the 
magnetoresistance device in this embodiment, 
including a thick top contact layer 15'; 

Fig. 4 is a cress sectional view 
illustrating a third modification of the 
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magnet oresls tance device in this embodiment, in 
which an antif erromagnet ic layer 7', a buffer 
layer 6', and a seed layer 5' are incorporated 
within an interconnection; 
5 Fig. 5 is a cross sectional view 

illustrating a fourth modification of the 
magnetoresistance device in this embodiment, in 
which a fixed ferroelectric layer 8 includes a 
composite magnetic layer 8a; 

10 Figs. 6A and 6B are cross sectional view 

illustrating the structure of the composite 
magnetic layer 8a; 

Fig. 7 is a graph illustrating a 
resistivity of a thin film formed through 

15 sputtering an alloy target consisting of 

ferromagnetic CoFe, and non-magnetic Ta with 
sputtering gas including oxygen gas; 

Fig. 8 is a graph illustrating a saturated 
magnetization of the thin film; 

20 Fig. 9 is a Co 2p spectrum obtained through 

an XPS analysis of the thin film; 

Fig.- 10 is a cross sectional view of a 
fifth modification of the magnetoresistance 
device in this embodiment, in which a free 

25 ferromagnetic layer 10 includes a composite 
magnetic layer 10b; 

Fig. 11 is a cross sectional view of a 
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sixth modification of the magnet oresistance 
device in this embodiment, including a composite 
magnetic layer 10b and a soft ferromagnetic layer 
10b; 

Fig- 12 is a cross sectional view 
illustrating seventh modification of the 
magnet oresistance device in this embodiment, in 
which a free ferromagnetic layer 10 includes a 
metal ferromagnetic layer lOd, a composite 
magnetic layer 10e r a non-magnetic layer lOf, a 
composite magnetic layer lOg and a soft 
ferromagnetic layer 10h; 

Fig. 13 is a cross sectional view 
illustrating the seventh modification of the 
magnet oresis tance device in this embodiment, in 
which the free ferromagnetic layer 10 includes a 
metal ferromagnetic layer 101; 

Fig. 14 is a cross sectional view 
illustrating a eighth modification of the 
magnetores i s tance device in this embodiment, 
including a magnetic bias layer 20; 

Fig.- 15 is a cross sectional view 
illustrating a ninth modification of the 
magnetoresistance device in this embodiment, 
including a composite magnetic layer 8a, a 
composite magnetic layer 10b, a soft 

ferromagnetic layer 10c, a magnetic bias layer 20, 
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and an oxide layer 21; 

Fig. 16 is a cross sectional view 
illustrating a tenth modification of the 
magne toresis t ance device in this embodiment, in 
5 which a via contact 11 and tunnel ferromagnetic 
layer 9 do not overlap in a direction 
perpendicular to a major surface of a substrate 
1; 

Fig. 17 is a cross sectional view 
10 illustrating an eleventh modification of the 

magnetoresistance device in this embodiment, in 
which a via contact 11 and tunnel ferromagnetic 
layer 9 do not overlap in a direction 
perpendicular to a major surface of a substrate 
15 1 ; 

Fig. 18 is a cross sectional view 
illustrating a twelfth modification of the 
magnetoresistance device in this embodiment, 
including a write interconnection 2 1 in addition 

20 to a bottom interconnection 2, which is used for 
read operation; 

Fig. 19 is a graph illustrating 
dependencies of MR ratios of magnetic tunnel 
junctions on thermal treatment temperature 

25 obtained from Comparative Example 1 and Example 
1 ; 

Fig. 20 is a graph illustrating changes in 
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sheet resistances of AlCu layers depending on 
thermal treatment temperature obtained from 
Comparative Example 2 and Example 2; 

Fig. 21 is a table illustrating changes in 
5 MR ratios of magnetic tunnel junctions depending 
on thermal treatment temperature obtained from 
Comparative Example 2, and Examples 2 and 3; 

Fig. 22 is a graph illustrating changes in 
MR ratios of magnetic tunnel junctions depending 
10 on thermal treatment temperature obtained from 
Comparative Example 3 and Example 4; 

Fig. 23 is a graph illustrating 
magnetization curves obtained from Comparative 
Example 3 ; 

15 Fig. 24 is a graph illustrating 

magnetization curve obtained form Example 4; 

Fig. 25 is a table illustrating changes in 
saturated magnetizations of free ferromagnetic 
layers obtained from Comparative Examples 4 and 5, 
20 and Examples 5 and 6; 

Fig. 26 is a graph illustrating influences 

on 4jtM s # t of a free ferromagnetic layer having a 
thin film thickness t, caused by thermal 
treatment ; 

25 Fig. 27 is a cross sectional view 

illustrating a structure of a free ferromagnetic 
layer for reducing the product 4JiM fi -t; 
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Fig. 28 is a cross sectional view 
illustrating another structure of a free 
ferromagnetic layer for reducing the product 
4riM 8 • t ; 

5 Fig. 29 is a cross sectional view 

illustrating still another structure of a free 
ferromagnetic layer for reducing the product 
4 JtM s • t ; 

Fig. 30 is a cross sectional view 
10 illustrating still another structure of a free 
ferromagnetic layer for reducing the product 
4jiM 8 • t ; 

Fig. 31 is a cross sectional view 

illustrating an MR AM structure for allowing 
15 shape - induced and s t re s s - induce d magnetic 

anisotropies to exhibit axes of easy 

magnetization in the same direction; 
n Fig. 32 is a plan view Illustrating the 

MR AM structure for allowing shape - induced and 
20 stress - induced magnetic anisotropies to exhibit 

axes of easy magnetization in the same direction; 
Fig.' 33 is a plan view illustrating a 

relation between crystalline, shape - induced , and 

stress induced anisotropies ; 
25 Fig. 34 is a plan view illustrating another 

MR AM structure for allowing shape - induced and 

s tres s - induced magnetic anisotropies to exhibit 
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axes of easy magnetization in the same direction; 

Fig. 35 is a plan view illustrating a 
preferable relation between shape - included and 
stress-induced anisotropics; 
5 Fig. 36 is a graph illustrating an 

influence on 47rM s *t caused by thermal treatment 
obtained from Example 7; 

Fig. 37 is a graph illustrating influences 
on 4jtM s # t caused by thermal treatment obtained 
10 from Comparative Example 7 and Examples 8, 9, and 
10; 

Fig. 38 illustrates magnetization curves of 
free ferromagnetic layers of Comparative Example 
7 and Example 11; 
15 Fig. 39A illustrates a magnetization curve 

of a free ferromagnetic layer of Comparative 
Example 8 ; 

Fig. 39B illustrates a magnetization curve 
of a free ferromagnetic layer of Comparative 
2 0 Example 9 ; 

Fig. 39C illustrates a magnetization curve 
of a free ferromagnetic layer of Example 12; and 

Fig. 40 is a graph illustrating relations 
between aspect ratios and yields obtained from 
25 Comparative Example 9 and Example 12. 



Description of the Preferred Embodiments 
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As shown in Fig. 1, one embodiment of the 
present invention addresses a cross-point cell 
type MRAM. In a first embodiment, bottom and top 
interconnections 2 and 3 are provided on an upper 
5 side of a substrate 1. The bottom and top 

interconnections 2 and 3 are formed of Al 90 Cu 10 . 

A magne tores is tance element 4, which 
functions as a memory cell of an MRAM, is 
disposed between the bottom and top 

10 interconnections 2 and 3. The magnetoresistance 
element 4 includes a seed layer 5, a buffer layer 
6, an ant if erromagnet ic layer 7, a fixed 
ferromagnetic layer 8, a tunnel dielectric layer 
9, and a free ferromagnetic layer 10. The fixed 

15 ferromagnetic layer 8, the tunnel dielectric 
layer 9, and the free ferromagnetic layer 10 
within the magnetoresistance element 4 form a 
magnetic tunnel junction. 

The fixed ferromagnetic layer 8 is formed 

20 of metal ferromagnetic alloy having a high spin 

polarization ratio, typically CoFe. CoFe alloy is 
relatively magnetically hard ferromagnetic 
material; the term "hard" means to have a large 
coercive force. As described later, spontaneous 

25 magnetization of the fixed ferromagnetic layer 8 
is fixed by exchange interaction from the 
ant if erromagnet ic layer 7. 
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The free ferromagnetic layer 10 is formed 
of relatively magnetically soft ferromagnetic 
material; the term "soft" means to have a small 
coercive force. The free ferromagnetic layer 10 
5 is formed to allow the direction of spontaneous 
magnetization thereof to be reversible in the 
directions parallel and antiparallel to that of 
the fixed ferromagnetic layer 8. The 
magnetoresist ance element 4, in which the 

10 spontaneous magnetization of the free 

ferromagnetic layer 10 is reversible, stores 
therein data of one bit as the direction of the 
spontaneous magnetization of the free 
ferromagnetic layer 10. 

15 The free ferromagnetic layer 10, which has 

reversible spontaneous magnetization, is formed 
of nickel - including ferromagnetic material, 
typically, NiFe. In general, nickel - including 
ferromagnetic material is relatively magnetically 

20 soft, and thus is preferable for providing the 
free ferromagnetic layer 10 having reversible 
spontaneous magnetization. The free' ferromagnetic 
layer 1.0 may be composed of a CoFe layer formed 
on the tunnel dielectric layer 9, and a NiFe 

25 layer formed on the CoFe layer. The CoFe layer, 
having a high spin polarization ratio, improves 
an MR ratio of the magnetic tunnel junction, 



- 37 - 

while the NiFe layer makes the CoFe layer 
magnetically soft to reduce the coercive force. 
The layered structure composed of the CoFe layer 
and NiFe layer achieves a magnetic tunnel 
5 junction that has easily reversible spontaneous 
magnetization and has a high MR ratio. 

The tunnel dielectric layer 9 is formed of 
non-magnetic dielectric having a thin thickness 
to allow a tunnel current to flow therethrough. 

10 The tunnel dielectric layer 9 is typically formed 
of A10 x , A1N X , or MgO x ; the thickness thereof is 
adjusted on the basis of the resistance required 
for the magnetoresistance element 4, typically, 
1.2 to 2 nm. Because of the tunnel 

15 magnetoresistance effect ( TMR effect), the 
through - thicknes s resistance of the tunnel 
dielectric layer 9 depends on whether the 
spontaneous magnetizations of the fixed and free 
ferromagnetic layers 8 and 10 are parallel or 

20 antiparallel . Data stored in the 

magnetoresistance element 4 can be distinguished 
on the basis of the through- thickness resistance 
of the tunnel dielectric layer 9. 

The seed layer 5 and buffer layer 6 

25 controls the orientation of the an t if er r oma gne t i c 
layer 7, which is disposed thereon, to stabilize 
the an t if erromagne t ic phase of the 
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ant if erromagne tic layer 7. The seed layer 5 is 
typically formed of Ta or Cr, while the buffer 
layer 6, disposed on the seed layer 5, is 
typically formed of NiFe or CoFe. 

The antif erromagnet ic layer 7 is formed of 
manganese- including ant if err omagnet ic material, 
typically PtMn, or IrMn. The ant if erromagnetic 
layer 7 fixes the spontaneous magnetization of 
the fixed ferromagnetic layer 8 with exchange 
interaction thereon. 

A. via contact 11, a bottom contact layer 12, 
and an oxide layer 13 are disposed between the 
magnet oresistance element 4 and the bottom 
interconnection 2. The fixed ferromagnetic layer 
13 within the magnet oresistance element 4 is 
electrically connected to the bottom 

interconnection 2 through the via contact 11, the 
bottom contact layer 12, and the oxide layer 13. 
The via contact 11 is connected to the bottom 
interconnection 2 to extend in a direction 
perpendicular to the major surface of the 
substrate 1. The via contact 11 is typically 
formed of tungsten, copper, or molybdenum. 

The bottom contact layer 12 is disposed on 
the via contact 11. The bottom contact layer 12 
functions as a superior adhesive layer onto the 
via contact 11, and also improves the film 
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quality of the oxide layer 13 disposed thereon. 
Additionally, the bottom contact layer 12 
provides a superior electrical connection between 
the via contact 11 and the oxide layer 13. The 
bottom contact layer 12 is typically formed of 
TiN, Ta, Ru, W, Zr r or Mo. 

The oxide layer 13 effectively prevents 
interdif fusion between the magnet ores is tance 
element 4 and the underlying structure: the 
bottom interconnection 2, the via contact 11. and 
the bottom contact layer 12. That is, the oxide 
layer 13 effectively prevents the 

magne toresistance element 4 from being diffused 
with aluminum or copper from the bottom 
interconnection 2, tungsten, copper or molybdenum 
from the via contact 11, TiN, Ta, Ru , W, Zr, or 
Mo from the bottom contact layer 12. Furthermore, 
the oxide layer 13 effectively prevents the 
bottom interconnection 2 from being diffused with 
Ni from the buffer layer 6 , and Mn from the 
ant if erromagnetic layer 7. The oxide layer 13 
formed of oxide, which is easily fine-structured, 
effectively prevents the interdif fusion . 

It is essential that the oxide layer 13 has 
a function for preventing both diffusions from 
the bottom interconnection 2, the via contact 11, 
and the bottom contact layer 12 into the 
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magnetoresistance element 4 and from the 
magne toresistance element 4 into the bottom 
interconnection 2, the via contact 11, and the 
bottom contact layer 12; one of the diffusions 
causes the other diffusion- Therefore, the fact 
that the oxide layer 13 prevents both of these 
diffusions is preferable in terms of improvement 
of the characteristics of the magnetoresistance 
element 4 . 

The oxide layer 13 is preferably formed of 
oxide of Al , Mg, Si, Hf, Li, Ca, or Ti. Forming 
the oxide layer 13 with oxide of any of these 
elements allows the oxide layer 13 to be highly 
f ine - s t ructured and thermally stable because of 
the strong reaction with oxygen; this effectively 
suppresses the interdif fusion . 

The use of a film of oxide is especially 
preferable for effectively suppressing the 
diffusion of manganese. Because manganese is 
highly reactive to oxygen, manganese diffused 
into the oxide layer 13, formed of oxide, reacts 
with oxygen to be stabilized and fixed within the 
oxide layer 13. Stabilizing manganese in the 
oxygen layer 13 effectively prevents the 
diffusion of manganese into the bottom 
interconnection 2. 

The oxide layer 13 is preferably formed of 
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oxide of material more reactive to oxygen than 
material included in layers in contact with the 
bottom and top surfaces of the oxide layer 13 
(that is, the bottom contact layer 12 and the 
5 seed layer 5), the bottom surface designating the 
surface on the side of the substrate 1. The use 
of oxide of material not satisfying this 
requirement causes diffusion of oxygen into the 
layers in contact with the bottom and top 

10 surfaces of the oxide layer 13 and thereby 

destabilizes the oxide layer 13; this undesirably 
invalidates the an t i - dif f u s i on effect of the 
oxide layer 13. In the case that tantalum is used 
for the bottom contact layer 12, and tantalum or 

15 chromium is used for the seed layer 5, the oxide 
layer 13 is preferably formed of oxide of 
aluminum, magnesium, silicon, hafnium, lithium, 
calcium, or titanium; these elements have larger 
free energies of oxide formation. 

20 In order to improve an SN ratio for 

detecting the resistance of the tunnel dielectric 
layer 9, the resistance of the oxide layer 13 in 
the thickness direction is preferably minimized. 
The resistance of the oxide layer 13 in the 

25 thickness direction reduces the SN ratio of 

detecting the resistance of the tunnel dielectric 
layer 9, because the oxide layer 13 is connected 
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in series to the magnetic tunnel junction. 
Accordingly, the resistance of the oxide layer 13 
in the thickness direction is preferably small, 
more specifically, preferably smaller than that 
5 of the tunnel dielectric layer 9 . 

It is preferable that the oxide layer 13, 
which functions as a diffusion barrier layer, is 
thin even when the resistivity thereof is small 
(that is, even if the oxide layer 13 is allowed 
10 to have a large thickness). Thickly depositing 
the oxide layer 13 enlarges the lattice 
distortion of the oxide layer 13, and thereby 
undesirably exerts stress on the free 

ferromagnetic layer 10. The stress exerted on the 
15 free ferromagnetic layer 10 changes the magnetic 
anisotropy of the free ferromagnetic layer 10, 
and thereby causes difficulties in preferably 
controlling the characteristics of the free 
ferromagnetic layer 10. Specifically, the oxide 
20 layer 13 preferably has a thickness less than 5 
nm . 

Additionally, reducing the thickness of 
oxide layer 13 below 1 nm in preferable because 
it substantially eliminates the resistance of the 
25 oxide layer 13 in the thickness direction. 

Reducing the thickness of oxide layer 13 below 1 
nm extremely reduces the resistance of the oxide 
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layer 13 through the tunneling phenomenon. 

It is preferable to form the tunnel 
dielectric layer 9 and the oxide layer 13 with 
the same material because this allows the 
5 formation of the tunnel dielectric layer 9 and 
the oxide layer 13 using the same apparatus and 
material, and thus reduces the fabrication cost 
of the MR AM . For the formation of the tunnel 
dielectric layer 9 and the oxide layer 13 through 

10 sputtering, for example, the formation of the 

tunnel dielectric layer 9 and the oxide layer 13 
with the same material allows the deposition of 
the tunnel dielectric layer 9 and the oxide layer 
13 with the same sputtering target. 

15 in the case that the tunnel dielectric 

layer 9 and the oxide layer 13 are formed with 
the same material, the thickness of the oxide 
layer 13 is preferably thinner than that of the 
tunnel dielectric layer 9. This reduces the 

20 resistance of the oxide layer 13 in the thickness 
direction below that of the tunnel dielectric 
layer 9, and thereby improves the SN ratio for 
detecting the resistance of the tunnel dielectric 
layer 9 . 

25 An oxide layer 14 and a top contact layer 

15 are disposed between the top interconnection 3 
and the magnetoresistance element 4. The oxide 
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layer 14 is formed on the free ferromagnetic 
layer 10 of the magnetoresis tance element 4. The 
top contact layer 14 is formed on the oxide layer 
14 to be in contact with the top interconnection 
5 3. The free ferromagnetic layer 10 of the 
magnetoresis tance element 4 is electrically 
connected to the oxide layer 14 and the top 
contact layer 15. 

The top contact layer 15 protects the 

10 layers underlying below it from damages caused by 
the element fabrication process, and also 
provides an improved electrical connection 
between the oxide layer 14 and the top 
interconnection 3- The top contact layer 15 is 

15 typically formed of TiN , Ta, Ru, W, Zr, or Mo. 

The oxide layer 14 effectively prevents the 
interdif fusion between the top interconnection 3 
and the magnetoresis tance element 4. In other 
words, the oxide layer 14 prevents the 

20 magnetoresis tance element 4 from being diffused 
with aluminum and copper included in the top 
interconnection 3, and also prevents the top 
interconnection 3 from being diffused with nickel 
included in the free ferromagnetic layer 10. 

25 Reducing the diffusion of nickel into the top 
interconnection 3 avoids an increase in the 
resistance of the top interconnection 3. The 
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oxide layer 14, formed of oxide, is easily fine- 
structured, and thus effectively prevents the 
int erdif f us ion . As is the case of the oxide layer 
13, the oxide layer 14, formed of oxide, is 
5 desirably reduces the diffusion of nickel, 
effectively. 

It is of importance that the oxide layer 14, 
which is directly connected to the free 
ferromagnetic layer 10, prevents the top 

10 interconnection 3 from being diffused with nickel 
from the free ferromagnetic layer 10, because 
this allows the free ferromagnetic layer 10 to 
have a reduced thickness t, and thereby to 
exhibit a reduced M a • t . Especially in the case 

15 that the free ferromagnetic layer 10 has a 

reduced thickness t, the diffusion of nickel from 
the free ferromagnetic layer 10 causes a change 
in the composition of the free ferromagnetic 
layer 10, and thus destabilizes the 

20 characteristics of the free ferromagnetic layer 
10. Disposing the oxide layer 14 avoids nickel 
being diffused from the free ferromagnetic layer 
10, and thereby enables the composition of the 
free ferromagnetic layer to be regulated to a 

25 desired value. This is especially effective for 
the case that the free ferromagnetic layer 10 has 
a reduced thickness t. 
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As is the case of the oxide layer 13, it is 
of importance that the oxide layer 14 has a 
function of prevent in g both diffusions from the 
top Interconnection 3 into the free ferromagnetic 
layer 10 and from the free ferromagnetic layer 10 
into the top interconnection 3. It is extremely 
preferable that the oxide layer 13 prevents both 
of these diffusions in terms of improvement of 
the characteristics of the magne t or es i s t ance 
element 4 . 

Characteristics required for the oxide 
layer 14 are identical to those for the oxide 
layer 13; the preferred materials and structures 
for the oxide layer 13 are also preferable for 
the oxide layer 14. Firstly, in order to be fine- 
structured, to exhibit thermal stability for high 
temperature, and to thereby provide an improved 
interdif fusion -resistance , the oxide layer 14 is 
preferably formed of oxide of aluminum, magnesium, 
silicon, hafnium, lithium, calcium, or titanium. 
Furthermore, the oxide layer 14 preferably has a 
resistance ■ in the thickness direction smaller 
than that of the tunnel dielectric layer 9. 
Additionally, reducing the thickness of the oxide 
layer 14, especially below 5 nm, is preferable 
for the suppression of the influences of the 
stress on the free ferromagnetic layer 10. 
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Finally, the tunnel dielectric layer 9 and the 
oxide layer 14 are preferably formed with the 
same material, because this allows the deposition 
of the tunnel dielectric layer 9 and the oxide 
5 layer 14 with the same apparatus and material, 
and thereby reduces the fabrication cost of the 
MRAM. 

In the case that the free ferromagnetic 
layer 10 is formed with a nickel - including 

10 ferromagnetic layer (typically NiFe layer), or 
composed of a layered structure of a nickel- 
including ferromagnetic layer and another 
ferromagnetic layer (typically a layered 
structure of CoFe and NiFe layers), the oxide 

15 layer 14 is preferably formed to be directly 

connected with the nickel - inc luding ferromagnetic 
layer. Changes in the composition of nickel- 
including ferromagnetic layers from the optimized 
composition cause severe deterioration of the 

20 characteristics thereof. Saturated magnetization, 
for example, remarkably depends on the 
concentration of nickel. Disposing 'the oxide 
layer 14 directly on the nickel - including 
ferromagnetic layer eliminates the diffusion 

25 route of nickel upward from the ferromagnetic 
layer, and thereby effectively prevents the 
change in the composition of the nickel - including 
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ferromagnetic layer. The inventors' experiments 
have proved that the nicke 1 - including 
ferromagnetic layer experiences the diffusion 
into the layers connected with the top surface 
5 thereof (that is, the top contact layer 15 and 
the top interconnection 3) more remarkably than 
the diffusion into the layers connected with the 
bottom surface thereof (that is, the tunnel 
dielectric layer 9 or the aforementioned other 

10 ferromagnetic layer); therefore, disposing the 
oxide layer 14 directly on the nickel - including 
ferromagnetic layer is especially effective for 
reducing diffusion. 

As thus described, this embodiment provides 

15 the oxide layer 13 between the bottom 

interconnection 2 and magnet ores is tance element 4, 
and thereby effectively prevents the 

lnterdif fusion between the bottom interconnection 
2 and magnetoresis tance element 4. Additionally, 

20 this embodiment provides the oxide layer 14 
between the top interconnection 3 and 
magnetoresis tance element 4, and thereby 
effectively prevents the interdif fusion between 
the top interconnection 3 and magne t or e s i s t anc e 

25 element 4. The use of the oxide layers 13 and 14 
are also effective for the case that the bottom 
and top interconnections 2 and 3 are formed with 
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copper . 

Furthermore, this embodiment provides the 
oxide layer 14 on the free ferromagnetic layer 10, 
and thereby effectively prevents the diffusion of 
5 material of the free ferromagnetic layer 10, 

especially, nickel. This enables the reduction of 
the product M s • t of the magnetization M s and 
thickness t of the free ferromagnetic layer 10 
down to a small value even if the thickness t of 

10 the free ferromagnetic layer 10 is reduced. As 

described above, the reduction in the product M s • t 
is effective for reducing and stabilizing the 
coercive force of the free ferromagnetic layer 10. 
The structure described in this embodiment is 

15 especially effective for reducing the thickness t 
of the free ferromagnetic layer 10 below 3 nm, 
and the product M g • t below 3 (T*nm). 

In this embodiment, the oxide layers 13 and 
20 14 may be replaced with nitride layers. Nitride 
layers or oxynitride layers are easily fine- 
structured; and thus effectively prevent the 
ihterdif fusion . As is the case of the oxide 
layers 13 and 14, the nitride layers preferably 
25 have a thickness equal to or less than 5 nm. 

Increase in the thickness of the nitride layers 
is not desirable because s t re s s - induced magnetic 
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anisotropy may cause deterioration of the 
magnetic characteristics . 

Forming the aforementioned nitride layers 
with conductive nitride desirably reduces the 
5 resistance of the nitride layers in the thickness 
direction, and thereby improves the SN ratio for 
detecting the resistance of the tunnel dielectric 
layer 9. The resistance of the nitride layers in 
the thickness direction is preferably reduced, 
10 specifically, reduced below the resistance of the 
tunnel dielectric layer 9 in the thickness 
direction . 

The nitride layers are preferably formed 
with nitride of material having a free energy of 

15 nitride formation smaller than that of material 
included in the layers connected on the bottom 
and top surfaces thereof; the bottom surface 
designates the surface on the side of the 
substrate 1- The use of nitride material not 

20 satisfying this requirement undesirably 

destabilizes the nitride layers through the 
diffusion of nitrogen into the layers connected 
on the bottom and top surfaces of the nitride 
layers, and thus degrades the dif fusion- 

25 resistance of the nitride layers. The preferable 
nitride used for the nitride layers Includes A1N , 
SiN, TiN, BN , TaN, and ZrN. 
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Alternatively, the oxide layers 13 and 14. 
may be replaced with oxynitrides layers formed 
with oxynitride in this embodiment. Oxynitride 
5 layers are easily fine-structured,, and thus 

effectively prevent the interdif fusion . As is the 
case of the nitride layers, the oxynitride layers 
preferably have a thickness equal to or less than 
5 nm. Increase in the thickness of the nitride 
10 layers is not desirable because s tre s s - induced 
magnetic anlsotropy may cause deterioration of 
the magnetic characteristics. 

The oxynitride layers are preferably formed 
with oxynitride of material having free energies 
15 of oxide and nitride formations smaller than 
those of material included in the layers 
connected on the bottom and top surfaces thereof; 
the bottom surface designates the surface on the 
side of the substrate 1. The use of oxynitride 
20 material not satisfying this requirement 

undesirably destabilizes the oxynitride layers 
through the diffusion of oxygen and/or nitrogen 
into the layers connected on the bottom and top 
surfaces of the oxynitride layers, and thus 
25 degrades the dif f us i on - r e s i s t an ce of the 

oxynitride layers. The preferable nitride used 
for the oxynitride layers includes A1N , SiN, TIN, 
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BN, TaN, and ZrN. 

As described above, disposing the oxide 
layer 14 (or the nitride or oxynitride layer) on 
the free ferromagnetic layer 10 achieves the 
reduction of the thickness t of the free 
ferromagnetic layer 10, and thereby achieves the 
reduction of the product M a • t of the magnetization 
M a and thickness t of the free ferromagnetic layer 
10; however, there is a limit to stably reduce 
the product M s • t of the magnetization M s and 
thickness t of the free ferromagnetic layer 10 
only through the reduction of the thickness t of 
the free ferromagnetic layer 10. This is because 
extremely reducing the thickness t of the free 
ferromagnetic layer 10 undesirably causes free 
ferromagnetic layer 10 to exhibit an island-like 
structure, and to be discontinuous. 

This problem can be solved by forming the 
free ferromagnetic layer 10 to have a sufficient 
thickness and modifying a portion of the free 
ferromagnetic layer 10 to reduce the 
magnetization of the modified portion. This 
method achieves the reduction in the effective 
thickness and magnetization of the free 
ferromagnetic layer 10 with the free 
ferromagnetic layer 10 having a continuous 
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structure, and thereby reduces the product M B • t . 
This does not causes the decrease in the MR ratio, 
because this does not influence the ferromagnetic 
properties of a contact portion of the free 
5 ferromagnetic layer 10, the contact portion being 
in contact with the tunnel dielectric layer 9. 
The free ferromagnetic layer 10 is modified so 
that the modified portion becomes non - magne t i c . 
Modifying the modified portion to be non-magnetic 

10 reduces the effective thickness of the free 
ferromagnetic layer 10, and thereby further 
effectively reduces the product M s • t . 

Specifically, the formation of the free 
ferromagnetic layer 10 so as to exhibit a reduced 

15 product M s • t and a continuous structure may be 

achieved by methods described below; as shown in 
Fig. 27, a first method involves forming the free 
ferromagnetic layer 10 with a ferromagnetic layer 
31 of ferromagnetic material, and a diffusion 

20 layer 32 of non-magnetic metal. The ferromagnetic 
layer 31 is deposited on the tunnel dielectric 
layer 9, and the diffusion layer 32 is deposited 
on the ferromagnetic layer 31; the oxide layer 14 
is deposited on the diffusion layer 31. The 
25 ferromagnetic layer 9 is typically formed with 

NiFe. The non-magnetic layer is typically formed 
with Ru, Pi, Hf, Pd, Al, W, Ti , Cr , Si, Zr, C, Zn, 
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V, Cr , or Mo* Thermal treatment causes diffusion 
between the ferromagnetic layer 31 and the 
diffusion layer 32, and a portion of the 
ferromagnetic layer 31 is modified to reduce the 
magnetization M s ♦ This allows the free 
ferromagnetic layer 10 to exhibit a reduced 
product M s • t and a continuous structure. The free 
ferromagnetic layer 10 having such structure 
makes it easy to adjust the degree of the 
reduction in the magnetization by the thickness 
of the diffusion layer 32. Furthermore/ this 
structure stabilizes the product M s ■ t of the free 
ferromagnetic layer 10 because the oxide layer 14 
prevents the top contact layer 15 from absorbing 
the material included in the free ferromagnetic 
layer 1 0 . 

The diffusion layer 32 is not required to 
be a continuous "layer". The diffusion layer 32 
may be formed to be extremely thin so that the 
diffusion layer 32 exhibits an island-like 
structure . 

The diffusion layer 32 may be' disposed in 
the free ferromagnetic layer 10 or positioned at 
such an arbitrary position that the diffusion 
layer 32 is in contact with the free 
ferromagnetic layer 10 under the conditions that 
the diffusion layer 32 is not directly contacted 
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with the tunnel dielectric layer 9. As shown in 
Fig. 28, for example, the free ferromagnetic 
layer 10 may include ferromagnetic layers 31 and 
33, and a diffusion layer 32 disposed 
therebetween. Disposing the diffusion layer 32 so 
as to be in direct contact with the tunnel 
dielectric layer 9 undesirably reduces the MR 
ratio. A heat treatment causes the interdif fusion 
between the diffusion layer 32 and the 
ferromagnetic layers 31 and 33, and thereby forms 
the free ferromagnetic layer 10 exhibiting a 
reduced product M s • t and a continuous structure. 
It should be noted that the diffusion layer 32 is 
not required to be a continuous "layer" for this 
case. 

As shown in Fig. 29, a second method 
involves forming a ferromagnetic layer 31 on the 
tunnel dielectric layer 9 followed by forming a 
modified layer 34 through nitrizing or oxidizing 
a surface portion thereof. The remainder portion 
of the ferromagnetic layer 31 and the modified 
layer 34 constitutes the free ferromagnetic layer 
10. Nitrizing and oxidizing the portion of the 
ferromagnetic layer 31 may be achieved by 
subjecting the upper surface of the ferromagnetic 
layer 31 to nitrogen plasma and oxygen plasma, 
respectively. Nitrizing or oxidizing the portion 
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of the ferromagnetic layer 31 eliminates or 
reduces the magnetization of the nitrized or 
oxidized portion, and thereby achieves the 
formation of the free ferromagnetic layer 10 so 
that it exhibits a reduced product M s • t and a 
continuous structure. The portion of the 
ferromagnetic layer 31 may be boronized, 
chlorized, or carbonized instead of nitrized or 
oxidized . 

For forming the modified layer 34 with 
oxide, the modified layer 34 and the oxide layer 
14 are concurrently formed through a method 
described below. After the formation of the 
ferromagnetic layer 31 on the tunnel dielectric 
layer 9, a metal film is deposited thereon for 
forming the oxide layer 14. The upper surface of 
the metal film is subjected to oxygen plasma. The 
subjection to the oxygen plasma is continued 
after completing the oxidization of the metal 
film, and thereby achieves oxidization of a 
portion of the ferromagnetic layer 31. The 
thickness of the oxidized portion wjLthin the 
ferromagnetic layer 31 can be adjusted by 
duration of the subjection to the oxygen plasma. 
This is equivalent to the adjustment of the 
effective thickness of the free ferromagnetic 
layer 10. 
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For the formation of the modified layer 34 
with nitride, the modified layer 34 and the oxide 
layer 14 are concurrently formed through a method 
described below. After the formation of the 
ferromagnetic layer 31 on the tunnel dielectric 
layer 9, a metal film is deposited thereon for 
forming the oxide layer 14. The upper surface of 
the metal film is subjected to nitrogen plasma. 
The subjection to the nitrogen plasma is 
continued after completing the nitrization of the 
metal film, and thereby achieves nitrization of a 
portion of the ferromagnetic layer 31- This is 
followed by the oxidization of the nitrized metal 
film to complete the oxide layer 14. The nitrized 
portion of the free ferromagnetic layer 10 is not 
oxidized because of the difference in the 
reactivity to oxygen. 

The formation of the free ferromagnetic 
layer 10 so as to exhibit a reduced product M s • t 
and a continuous structure is achieved by a 
structure shown in Fig. 30. A ferromagnetic layer 
31 is formed with ferromagnetic material on the 
tunnel dielectric layer 9. A doped ferromagnetic 
layer 35 which is formed of the same 

ferroelectric material as the ferromagnetic layer 
31, and doped with non -magnetic metal, is 
deposited on the ferromagnetic layer 31. The 
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ferromagnetic layer 31 and the doped 
ferromagnetic layer 35 function as the free 
ferromagnetic layer 10- The non-magnetic metal is 
segregated at the grain boundaries of the 
5 ferromagnetic crystals. Doping non-magnetic metal 
reduces the magnetization of the doped 
ferromagnetic layer 35, and achieves the 
formation of the free ferromagnetic layer 10 so 
as to exhibit a reduced product M s • t and a 
10 continuous structure. 

As described below in detail, the technique 
is useful for the control of the stress-induced 
magnetic anisotropy of the free ferromagnetic 

15 layer 10, which technique controls the 

composition of the free ferromagnetic layer 10 to 
desired values through the suppression of the 
int er dif f us ion between the top interconnection 3 
and the free ferromagnetic layer 10 by disposing 

20 the oxide layer 14 (or the nitride or oxynitride 
layer). The intensity of the anisotropy field H s 
is represented by the following equation (3): 

H s = 3 (X-o) / M s , ..(3) 
Where K is the magnetostriction constant of the 

25 free ferromagnetic layer, and o is the stress 

exerted on the free ferromagnetic layer 10. The 
magnetostriction constant X depends on the 
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composition of the free ferromagnetic layer 10. 
The oxide layer 14 , on the other hand, 
effectively reduces the variations of the 
compositions of the free ferromagnetic layers 10 
5 within different magne toresis tance elements 4, 

and the variation of the composition of each free 
ferromagnetic layer 10- This implies that 
disposing the oxide layer 14 enables control of 
the magnetostriction constant X of the free 

10 ferromagnetic layer 10, and thereby enables 

control of the s t r e s s - i n duce d magnetic anisotropy. 

Figs. 31 and 32 illustrates an MR AM 
structure for achieving control of the stress- 
induced magnetic anisotropy. As shown in Fig. 31, 

15 the bottom electrode 2 is formed with metal such 
as Al , Cu , AlCu, on the substrate 1. As shown in 
Fig. 32, the bottom electrode 2 extends in the y- 
axis direction, while the top interconnection 3 
extends in the x-axis direction. The free 

20 ferromagnetic layer 10 has a minor axis in the x- 
direction and a major axis in the y-direction. 
This shape provides the free ferromagnetic layer 
10 having a shape - induced magnetic anisotropy 
with the easy axis in the y-axis direction. As 

25 shown in Fig. 31, the contact layer 12, the oxide 
layer 13, the seed layer 5, the buffer layer 6, 
and the ant if erromagnetic layer 7 are deposited 
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in series over the bottom electrode 2. The bottom 
contact layer 12 is connected to the bottom 
electrode 2 through the via contact 11. The fixed 
ferromagnetic layer 8, the tunnel dielectric 
5 layer 9, and the free ferromagnetic layer 10 are 
deposited in series over the an t if erromagnet ic 
layer 7. The oxide layer 14 and the top contact 
layer 15 are deposited in series over the free 
ferromagnetic layer 10, and the top contact layer 
10 15 is connected to the top interconnection 3 

through the via contact 22. The composition of 
the free ferromagnetic layer 10 is selected so 
that the magnetostriction constant X of the free 
ferromagnetic layer 10 is positive. In the case 
15 that the free ferromagnetic layer 10 is formed 
with Ni^Fe^x, the magnetostriction constant K is 
adjusted to a positive value through controlling 
the parameter x below 0-82. 

As shown in Fig. 33, the aforementioned 
20 structure allows the s t re s s - induced and shape- 
induced magnetization anisotropy to exhibit the 
easy axes in the same direction, and thereby 
stabilizes the characteristics of the free 
ferromagnetic layer 10. The bottom 
25 interconnection 2, which extends in the y-axis 

direction, exerts a tensile stress in the x-axis 
direction (that is, the direction of the major 
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axis of the free ferromagnetic layer 10) , and a 
compressive stress in the y-axis direction (that 
is, the direction of the minor axis of the free 
ferromagnetic layer 10). It should be noted that 
5 the inventors ? investigation has depicted that 

the stress generated by the top interconnection 3 
causes less influences on the free ferromagnetic 
layer 10. Since the magnetostriction constant X 
of the free ferromagnetic layer 10 is positive, 
10 the compressive stress in the x-axis direction 
and the tensile stress in the y-axis direction, 
which are generated by the bottom interconnection 
2, develop the stress -induced magnetic anisotropy 
with the easy axis in the y-axis direction, and 

15 thereby coincide the direction of the easy axis 
of the, stress-induced magnetic anisotropy with 
that of the shape - induced magnetic anisotropy. 
The fact that the s t re s s - induced and shape- 
induced magnetic anisotropies exhibit the easy 

20 axis in the same direction provides the free 

ferromagnetic layer 10 with large uniaxiality, 
and thereby allows the free ferromagnetic layer 
10 to exhibit a single domain structure. This 
effectively stabilizes the characteristics of the 

25 free ferromagnetic layer 10. Specifically, the 
coincidence of the directions of the easy axes, 
resulting from the stress - induced and shape- 
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induced magnetic anisotropy, improves the 
rec tangular i ty of the field magnetization curve 
of the free ferromagnetic layer 10, and 
additionally reduces the variation in the 
5 coercive force. An MR AM structure that does not 
allow the easy axes of the s t res s - induced and 
shape - induced magnetic anisotropy to be directed 
in the same direction causes variation in the 
direction of the easy axis of total anisotropy 
10 toward the write interconnection, and thereby 

undesirably destabilizes the characteristics of 
the free ferromagnetic layer 10. 

In order to further stabilize the 
characteristics of the free ferromagnetic layer 
15 10, the free ferromagnetic layer 10 is formed to 
allow the crystalline magnetic anisotropy thereof 
to exhibit the easy axis in the same direction as 
those of the s tr e s s - induced and shape - induced 
magnetic anisotropy. The coincidence of the easy 
20 axis of the crystalline magnetic anisotropy with 
those of the s t re s s - induced and shape - induced 
magnetic anisotropy enhances the uniaxiality of 
the magnetic anisotropy of the free ferromagnetic 
layer 10, and thereby stabilizes the 
25 characteristics of the free ferromagnetic layer 
10 . 

Fig/ 34 illustrates another MR AM structure 
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for achieving the control of the stress-induced 
magnetic anisotropy. The bottom interconnection 2 
extends in the y-axis direction, while the top 
interconnection 3 extends in the x-axis direction, 
5 The magnetoresis tance element 4 is formed so that 
the free ferromagnetic layer 10 has the major 
axis in the x-axis direction and the minor axis 
in the y-axis direction. It should be noted that 
the structure shown in Fig. 34 involves that the 

10 major and minor axes of the free ferromagnetic 

layer 10 are different by 90° from those shown in 
Fig. 32. Such shape provides the free 
ferromagnetic layer 10 having a shape - induced 
magnetic anisotropy with the easy axis in the x- 

15 axis direction. The composition of the free 

ferromagnetic layer 10 is selected so that the 
free ferromagnetic layer 10 has a negative 

magnetostriction constant k. In the case that the 

free ferromagnetic layer 10 is formed with Ni x Fe 1 . x# 
20 the magnetostriction constant X is adjusted to a 

negative value through controlling the parameter 

xover0.82. 

As is the case of the structure shown in 

Figs. 31 and 32, the structure shown in Fig. 34 
25 coincides the direction of easy axis of the 

stres s - induced magnetic anisotropy (K2) with that 

of the shape - induced magnetic anisotropy (K3), 
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and thereby stabilizes the characteristics of the 
free ferromagnetic layer 10, As described above, 
the bottom interconnection 2, which extends in 
the y-axis direction, exerts a tensile stress in 
5 the x-axis direction (that is, the direction of 
the minor axis of the free ferromagnetic layer 
10), and a compressive stress in the y-axis 
direction (that is, the direction of the major 
axis of the free ferromagnetic layer 10). Since 
10 the magnetostriction constant X of the free 
ferromagnetic layer 10 is negative, the 
compressive stress in the x-axis direction and 
the tensile stress in the y-axis direction, which 
are generated by the bottom interconnection 2, 
15 develop the stres s - induced magnetic anisotropy 
with the easy axis in the x-axis direction, and 
thereby coincide the direction of the easy axis 
of the stress- induced magnetic anisotropy with 
that of the shape - induced magnetic anisotropy. 
20 In the case that the MRAM is formed to 

coincide the easy axis of the s t r e s s - in duce d 
magnetic anisotropy with that of the shape- 
induced magnetic anisotropy, as shown in Fig. 35, 
the free ferromagnetic layer 10 is preferably 
25 formed so that the stress - induced magnetic 
anisotropy is larger than the shape - induced 
magnetic anisotropy. Achieving such properties 
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allows the aspect ratio of the free ferromagnetic 
layer 10 (that is, the ratio of the major axis to 
the minor axis) to be close to l r and thereby 
reduces the area of the magnet oresistance element 
5 4. In general, adjusting the aspect ratio of the 
free ferromagnetic layer 10 to a value close to 
1,0 weakens the uniaxiality of the magnetic 
anisotropy of the free ferromagnetic layer 10, 
and thus may cause the formation of closure 

10 domains within the free ferromagnetic layer 10. 

The formation of closure domains deteriorates the 
rec tangularity of the field magnetization curve 
of free ferromagnetic layer 10, and increases the 
variation in the coercive field. Nevertheless, 

15 forming the free ferromagnetic layer 10 so as to 
have the stress-induced magnetic anisotropy 
larger than the shape - induced magnetic anisotropy 
improves the uniaxiality of the free 
ferromagnetic layer 10, and thereby compensates 

20 the decrease in the uniaxiality caused by the 

reduced aspect ratio. Specifically, the technique 
for adjusting the s tre s s - induced magnetic 
anisotropy to be larger than the shape - induced 
magnetic anisotropy is preferably applied to the 

25 free ferromagnetic layer 10 having an aspect 
ratio of 1.0 to 2.0, especially the free 
ferromagnetic layer 10 having an aspect ratio of 
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1.25 to 2.0. Adjusting the stress -induced 
magnetic anisotropy to be larger than the shape- 
induced magnetic anisotropy may be achieved by 
controlling the magnetostriction constant X to a 
5 desired value through appropriately selecting the 
composition of the free ferromagnetic layer 10. 
Disposing the oxide layer 10 (or the nitride or 
oxynitride layer) is of importance because it 
enables an appropriate control of the composition 

10 of the free ferromagnetic layer 10. 

The technique for adjusting the stress- 
induced magnetic anisotropy to be larger than the 
shape - induced magnetic anisotropy is also 
preferable because it enables the formation of 

15 the magne toresis tance element 4 which is less 
sensitive to the variation of the dimension 
inevitably caused by the fabrication process of 
the MRAM . Conventional magnet oresistance elements, 
which are based on the shape - Induced magnetic 

20 anisotropy, are sensitive to the dimension 

variation caused by the processes of the elements, 
(including - exposure and etching), arid thus 
experience large variations of the coercive 
forces. The technique for adjusting the stress- 

25 induced magnetic anisotropy to be larger than the 
shape - induced magnetic anisotropy reduces the 
influence of the inevitable dimension variation. 
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and thereby effectively reduces the variation in 
the coercive force. 



In terms of prevention of the 
5 interdif fusion , as shown in Fig. 2, a bottom 

contact layer 12' having a sufficiently increased 
thickness may be disposed between the 
magnet oresistance element 4 and the via contact 
11 in place of the oxide layer 13. This allows 

10 the seed layer 5 to be omitted. Correspondingly, 
as shown in Fig. 3, a top contact layer 15' 
having a sufficiently increased thickness may be 
disposed between the free ferromagnetic layer 10 
and the top interconnection 3 in place of the 

15 oxide layer 13. The bottom and top contact layers 
12 f and 15' are typically formed with TiN, Ta, Ru , 
W, Zr, or Mo. The sufficiently increased 
thicknesses of the bottom and top contact layers 
12' and 15' prevent the magnetoresis tance element 

20 4 from being diffused with aluminum and copper 

included in the bottom and top interconnections 2 
and 3, and also prevent the bottom and top 
interconnections 2 and 3 from being diffused with 
manganese included in the antif erromagne tic layer 

25 5 and nickel included in the buffer layer 6 and 
the free ferromagnetic layer 10. 

The use of both of the oxide layers 13 and 
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14, however, is preferable as shown in Fig. 1. 
The oxide layers 13 and 14 formed with oxide, 
which exhibits superior interdif f usion-resistance, 
are allowed to have extremely reduced thicknesses, 
5 The reduced thicknesses of the oxide layers 13 
and 14 allow the bottom and top interconnections 
2 and 3 to be positioned near the free 
ferromagnetic layer 10, The arrangement in which 
the bottom and top interconnections 2 and 3 are 
10 positioned near the free ferromagnetic layer 10 
desirably reduces the intensity of the current 
required for inverting the spontaneous 
magnetization of the free ferromagnetic layer 10 
(that is, the intensity of the current required 
15 for achieving write operation). 

Furthermore, although the structure of Fig. 
2, including the thick bottom contact layer 12', 
prevents the interdif fusion within the bottom 
interconnection 2, the via contact 11 and the 
20 magnet oresi stance elements 4, this structure does 
not prevent the interdif fusion between the bottom 
contact layer 12 1 and the magne toresls t ance 
element 4. Correspondingly, although the 
structure of Fig. 3, including the thick top 
25 contact 1 ay er 15', prevents the interdiffusion 
between the top interconnection 3 and the 
magne t or e s i s t ance elements 4, this structure does 



- 69 - 

not prevent interdif fusion between the top 
contact layer 15' and the magnet ores is tance 
element 4. Therefore, the use of the oxide layer 

13 is more preferable than that of the thick 

5 contact layer 12' , and the use of the oxide layer 

14 is more preferable than that of the thick 
contact layer 15 ' . 

In order to place the bottom 
10 interconnection 2 closer to the free 

ferromagnetic layer 10, as shown in Fig. 4, the 
oxide layer 13, the seed layer 5, the buffer 
layer 6, and the ant if erromagnetic layer 7 are 
formed to substantially entirely cover the upper 
15 surface of the bottom interconnection 2, Such 
structure allows the seed layer 5, the buffer 
layer 6, and the antif erromagnetic layer 7 to be 
incorporated in the interconnection to which a 
write current is applied for inverting the 
20 spontaneous magnetization of the free 

ferromagnetic layer 10, and thereby positions the 
interconnection closer to the free ferromagnetic 
layer 1 0 . 

25 As described in the description of the 

related art, it is undesirable that the tunnel 
dielectric layer 9 is diffused with manganese 
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included in the an t if erromagne t ic layer 7; this 
deteriorates the MR ratio of the magnetic tunnel 
junction. In order to prevent the tunnel 
dielectric layer 9 from being diffused with 
5 manganese included in the ant if erromagnet ic layer 
7, the fixed ferromagnetic layer 8 preferably 
includes a. composite magnetic layer 8a and a 
metal ferromagnetic layer 8b. The composite 
magnetic layer 8a is disposed on the 

10 ant if erromagne tic layer 7 , and prevents manganese 
of the antif erromagnet ic layer 7 from being 
diffused into the tunnel dielectric layer 9, as 
described later. The metal ferromagnetic layer 8b 
is preferably formed with metal ferromagnetic 

15 alloy including as the main material cobalt, 

which has an increased spin polarization ratio, 
and is thermally stable and hard to be diffused. 
The use of the metal ferromagnetic alloy 
including cobalt as the main material makes the 

20 metal ferromagnetic layer 8b magnetically hard; 
"including cobalt as the main material" means 
that the material having the maximum atomic 
percent out of the materials included in the 
metal magnetic alloy is cobalt. 

25 The composite magnetic layer 8a is formed 

with a composite thin film of mixture including 
non-oxidized metal ferromagnetic material as main 
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material and oxide material as sub material, the 
oxide material being oxide of non-magnetic 
element more reactive to oxygen than the metal 
ferromagnetic material. Such composite magnetic 
5 layer 8a exhibits a structure achieving 

prevention of the diffusion of manganese with 
metallic conductivity and ferromagnetic 
properties. The metal ferromagnetic material used 
for the composite magnetic layer 8a is typically 

10 exemplified by CoFe, and the oxide is exemplified 
by TaO x , HfO x , NbO x , ZrO x , CeO x , AlO^, MgO x , SiO x , 
and TiO x . These non-magnetic elements have free 
energies of oxide formation smaller than those of 
ferromagnetic elements: Fe, Co, and Ni ; therefore 

15 these non-magnetic elements are more easily 

oxidized. Cobalt or metal ferromagnetic alloy 
including cobalt as main material is preferably 
used as the ferromagnetic material of the 
composite magnetic layer 8a. Cobalt and the metal 

20 ferromagnetic alloy including cobalt as main 

material have a high spin polarization ratio and 
exhibits high oxidization-resistance, while being 
hard to be diffused because of its thermally 
stability . 

25 It is important that the composite magnetic 

layer 8a mainly includes non-oxidized metal 
ferromagnetic material for the composite magnetic 
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layer 8a to exhibit conductive and ferromagnetic 
properties. The metallic conductivity of the 
composite magnetic layer 8 improves the SN ratio 
of read operations . The ferromagnetic properties 
5 of the composite magnetic layer 8a allows 

exchange interaction from the an t if erromagne t ic 
layer 7 to provide the metal ferromagnetic layer 
8b, and thereby allows both of the composite 
magnetic layer 8a and the metal ferromagnetic 

10 layer 8b to function as a fixed ferromagnetic 

layer. In order to avoid the oxidization of the 
metal ferromagnetic material of the composite 
magnetic layer 8a, the oxide included in the 
composite magnetic layer 8a consists of oxide of 

15 non-magnetic element(s) more easily oxidized than 
the metal ferromagnetic material. 

The composite magnetic layer 8a exhibits 
either a structure shown in Fig. 6A or shown in 
Fig. 6B depending on the atomic radiuses of the 

20 element(s) composing the metal ferromagnetic 
material, and the non-magnetic element(s) 
composing the oxide. When the atomic radius 
(radii) of the element(s) composing the metal 
ferromagnetic material is larger than, that of the 

25 non-magnetic element(s) composing the oxide, as 

shown in Fig. 6A, the composite magnetic layer 8a 
is composed of columnar crystals 31 of the metal 
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ferromagnetic material, and amorphous phase 
regions 32 which consists of mixture of the metal 
ferromagnetic material and oxide of the non- 
magnetic element ( s ).. The reason why the composite 
5 magnetic layer 8a exhibits such structure may be 
that the non-magnetic element(s), which has a 
large atomic radius, inhibits crystallization of 
the metal ferromagnetic material. In the case 
that CoFe is used as the metal ferromagnetic 

10 material of the composite magnetic layer 8a, the 
composite magnetic layer 8a exhibits the 
structure shown in Fig, 6A when TaO x , HfO x , NbO x , 
or CeO x is used as the oxide of the composite 
magnetic layer 8a. 

15 When the atomic radius (radii) of the 

element(s) composing the metal ferromagnetic 
material is smaller than that of the non-magnetic 
element(s) composing the oxide, as shown in Fig. 
6B, the composite magnetic layer 8a is composed 

20 of granular crystals 33 of the metal 

ferromagnetic material, and amorphous oxide 34 
which is formed through segregation of the oxide 
at the grain boundaries of the granular crystals 
33. Material exhibiting such structure is 

25 sometimes called as granular alloy. It should be 
noted that the granular crystals 33 are not 
totally isolated from one another; some of the 
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granular crystals 33 are in direct contact with 
other adjacent granular crystals 3 3, or through 
pinholes disposed through the non-magnetic oxide 
34. Such structure allows the composite magnetic 
layer 8a to exhibit soft f err omagnet ism because 
of the magnetic coupling among the granular 
crystals 33, and also to exhibit metallic 
conductivity. In the case that CoFe is used as 
the metal ferromagnetic material of the composite 
magnetic layer 8a, the composite magnetic layer 
8a exhibits the structure shown in Fig 6B when 
A10 x , MgO x , SiO x , or TiO x is used as the oxide. 

For both of the structures shown in Figs. 
6A and 6B, the composite magnetic layer 8a 
exhibits the structure that prevents the 
diffusion using fineness of the non-magnetic 
oxide included therein. Additionally, the 
composite magnetic layer 8a, which includes oxide, 
functions as a trap for manganese, which is 
reactive to oxygen. When manganese is diffused 
into the composite magnetic layer 8a, the 
diffused manganese is stabilized through reaction 
to oxygen, and trapped in the composite magnetic 
layer 8a. Additionally, the composite magnetic 
layer 8a exhibits superior diffusion -resistance 
because it is almost free from the grain 
boundaries in contrast to usual metal 
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ferromagnetic layers, and thus the high-speed 
diffusion route is eliminated. Because of these 
effects, the composite magnetic layer 8a enjoys 
diffusion -resist ance for achieving effective 
5 suppression of the diffusion of manganese into 
the tunnel dielectric layer 9 without blocking 
the magnetic and electric coupling within the 
fixed ferromagnetic layer. Such characteristics 
cannot be obtained with conventional oxide 
10 diffusion barrier layers. 

The composite magnetic layer 8a may be 
formed through a reactive sputtering technique 
with sputtering gas including oxygen gas. Gas 
mixture of oxygen gas and argon gas is typically 
15 used as the sputtering gas. An alloy target 

including metal ferromagnetic material and non- 
magnetic element(s) more easily oxidized than the 
metal ferromagnetic material is typically used as 
the sputtering target. Sputtering the alloy 
20 target with sputtering gas including oxygen gas 
causes oxygen to react the non-magnetic metal in 
preference • to the metal ferromagnetic material. 
Therefore, appropriately adjusting the 
composition of oxygen of the sputtering gas 
25 achieves the formation of the composite magnetic 
layer 8a so that only the non-magnetic metal is 
oxidized without oxidizing the metal 
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ferromagnetic material. 

Fig. 7 is a graph illustrating 
resistivities of thin films obtained through 
sputtering a ( Co 90 Fe 10 ) Ta 15 alloy target, which 
consists of ferromagnetic CoFe and non-magnetic 
Ta, with sputtering gas including oxygen gas, and 
Fig. 8 is a graph illustrating saturated 
magnetizations of these thin films. The 
horizontal axes of these graphs represent ratio 
[O a ]/ [Ar] , where [0 2 ] designates a flow rate of 
oxygen gas introduced to the sputtering chamber 
in the unit of seem, and [Ar] designates a flow 
rate of argon gas in the unit of seem. The formed 
thin films exhibits the structure shown in Fig. 
6A, that is, the structure mostly including 
amorphous oxide layer having a composition 
represented by the composition formula of 
(CoFeJ.Tai^O,, and partially including columnar 
CoFe crystals. For reduced [0 2 ]/[Ar] ratios, as 
shown in Figs. 7 and 8, these thin films exhibits 
metallic conductivity, and large saturated 
magnetization. Increase in the [0 2 ]/[Ar] ratio 
above 0.2 remarkably increases the resistivities 
of the thin films and decreases the saturated 
magnetizations . 

These graphs proves that reduction in the 
[0 2 ]/[Ar] ratio below 0.2 is required for allowing 
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CoFe of these thin films to exist in the metallic 
state. This fact is ensured by an XPS {X-ray 
photoelec tr on spectroscopy) analysis. Fig. 9 
illustrates a Co 2p spectrum obtained by the XPS 
analysis with respect to the thin films with the 
[0 2 ]/[Ar] ratios adjusted to 0.13 and 0.54, 
respectively. The Co 2p spectrum illustrated in 
Fig. 9 depicts that 70 percents of cobalt within 
the thin film is metallic for the [0 2 ]/[Ar] ratio 
of 0.13, while cobalt within the thin film is 
oxidized for the [0 2 ]/[Ar] ratio of 0.54. 

In the case that CoFe is used as the metal 
ferromagnetic material, and any of TaO x , HfO x , 
NbO x , ZrO x , A!O x , MgO x , and SiOx is used as the 
oxide of the non-magnetic metal, adjusting the 
[0 2 ]/[Ar] ratio below 0.2 enables the formation of 
the composite metallic layer 8a with CoFe 
remaining metallic. 

The aforementioned composite thin film, 
which includes non-oxidized metal ferromagnetic 
material as main material and oxide of non- 
magnetic e.lement(s) more reactive to oxygen than 
the metal ferromagnetic material as sub material, 
is relatively magnetically soft because it fails 
to exhibit a crystalline structure observed in 
metal ferromagnetic layers, including size- 
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reduced ferromagnetic crystalline grains, and 
exhibiting reduced crystalline magnetic 
anisotropy. This characteristics can be used for 
excluding nickel from the free ferromagnetic 
5 layer 10. The diffusion of nickel into the tunnel 
dielectric layer 9 causes decrease in the MR 
ratio of the magnetoresistance element 4. 
Additionally, the diffusion of nickel into the 
top interconnection 3 increases the resistance of 

10 the top interconnection 3. In terms of nickel 

diffusion, nickel is preferably excluded from the 
free ferromagnetic layer 10. 

Fig. 10 shows a structure for excluding 
nickel from the free ferromagnetic layer 10 with 

15 such composite thin film. The free ferromagnetic 
layer 10 is composed of a metal ferromagnetic 
layer 10 formed of material having an increased 
spin polarization with high thermal stability and 
diffusion-resistance, and a composite magnetic 

20 layer 10 formed of the aforementioned composite 
thin film. The metal ferromagnetic layer 10a is 
disposed on the tunnel dielectric layer 9, and 
the composite magnetic layer 10b is disposed on 
the metal ferromagnetic layer 10a. The metal 

25 ferromagnetic layer 10a is preferably formed with 
ferromagnetic material including cobalt as main 
material, typically formed with CoFe. The 
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composite magnetic layer 10b is formed of a 
composite thin film including mixture of nickel- 
free ferromagnetic material (typically CoFe), and 
non-magnetic metal oxide. The free ferromagnetic 
layer 10 structured as thus described achieves 
high MR ratio because of the direct contact of 
the metal ferromagnetic layer 10a, which has an 
increased spin polarization and thermal stability, 
with the tunnel dielectric layer 9. Additionally, 
the magnetically soft composite magnetic layer 
10b makes the metal ferromagnetic iayer 10a 
magnetically soft through effecting exchange 
interaction on the metal ferromagnetic layer 10a, 
and thereby causes the whole of the free 
ferromagnetic layer 10 to be magnetically soft. 

In order to obtain a free ferromagnetic 
layer magnetically softer than the free 
ferromagnetic layer shown in Fig. 10, a softer 
ferromagnetic layer 10c of nickel - including 
ferromagnetic material, typically NiFe, may be 
formed on the composite magnetic layer 10b as 
shown in Fig. 11. The composite magnetic layer 
10b, which is formed with the aforementioned 
composite thin film, exhibits diffusion- 
resistance against nickel. Therefore, diffusion 
of nickel included in the soft ferromagnetic 
layer 10c into the tunnel dielectric layer 9 is 
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prevented by the composite magnetic layer 10b* 
Additionally, nickel diffusion from the soft 
magnetic layer 10c to the top electrode layer 3 
is prevented by the aforementioned oxide layer 14. 
5 The structure shown in Fig. 11 is preferable in 
terms of prevention of nickel diffusion into the 
tunnel dielectric layer 9 and the top electrode 
layer 3 with an improved MR ratio. 

10 The magnetoresis tance elements 4 shown in 

Figs. 10 and 11 suffer from a problem of an 
increased demagnetizing field caused by an 
increase in the total saturated magnetization of 
the free ferromagnetic layer 10, which is caused 

15 by incorporating the composite magnetic layer 10b 
in the free ferromagnetic layer 10. In order to 
reduce the demagnetizing field, as shown in Fig. 
12, the free ferromagnetic layer 10 is preferably 
composed of a metal ferromagnetic layer lOd, a 

20 composite magnetic layer lOe, a non-magnetic 

layer lOf , a composite magnetic layer lOg, and a 
soft ferromagnetic layer lOh. The metal 
ferromagnetic layer lOd is formed with 
ferromagnetic material having a large spin 

25 polarization ratio, such as CoFe. The composite 
magnetic layers lOe and lOg are formed with the 
aforementioned composite thin film to exhibit 
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soft ferromagnetism. The soft ferromagnetic layer 
lOh is formed with nickel - including ferromagnetic 
material, typically NIFe . The non-magnetic layer 
lOf is formed with material that provides strong 
5 ant if erromagne t ical coupling between the 

composite magnetic layers lOe and lOg, typically 
Cu, Cr, Rh, Ru, or RuO x . 

The non-magnetic layer lOf 
ant if erromagne tlcally couples spontaneous 

10 magnetization of the metal ferromagnetic layer 
lOd and the composite magnetic layer lOe with 
that of the composite magnetic layer lOg and the 
soft ferromagnetic layer lOh to be antiparallel 
thereto. As disclosed in U.S. Patent No. 

15 5,408,377, forming the free ferromagnetic layer 4 
with two ferromagnetic layers and non-magnetic 
layer which ant if erromagnet ically couples the 
ferromagnetic layers reduces the effective 
saturated magnetization of the free ferromagnetic 

20 layer 4, and thus reduces the demagnetization 

field. The reduced demagnetization field reduces 
the coercive field of the free ferromagnetic 
layer 4. Accordingly, the structure shown in Fig. 
12 increases the MR ratio, prevents nickel 

25 diffusion into the tunnel dielectric layer 9 and 
the top electrode layer 3, and makes the free 
ferromagnetic layer 10 magnetically soft. 
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In the case that the free ferromagnetic 
layer 10 is sufficiently soft, the structure 
shown in Fig. 12 may fail to include the soft 
ferromagnetic layer lOh. Omitting the soft 
5 ferromagnetic layer lOh excludes nickel from the 
free ferromagnetic layer 10, and thereby 
fundamentally eliminates the undesirable 
influence caused by nickel diffusion. 

As shown in Fig. 13, in order to provide 

10 enhanced antif erromagnet ic coupling within the 

free ferromagnetic layer 10, the structure shown 
in Fig. 12 preferably includes metal 
ferromagnetic layers 101 on the both surfaces of 
the non-magnetic layer lOf . Forming the metal 

15 ferromagnetic layers lOi with nickel-free 

ferromagnetic alloy including cobalt as main 
material enhances the an tif erromagnet ic coupling. 
It is preferable that such metal ferromagnetic 
layers lOi. The metal ferromagnetic layers 101 

20 preferably formed with Co or Co 90 Fe 10 . 

In order to improve the magnet oresis tance 
element, as shown in Fig. 14, a magnetic bias 
layer 20 may be provided for the free 
25 ferromagnetic layer 10. Appling an appropriate 
bias magnetic field eliminates asymme trici ty in 
the hysteresis curve of the free ferromagnetic 
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layer 10 with respect to magnetic field 
directions . 

The magnetic bias layer 20 Includes a 
protective layer 16 , a ferromagnetic layer 17 of 
ferromagnetic material, an antif err omagne t ic 
layer 18 of an t if erromagne t ic material, and a 
protective layer 19. The protective layers 16 and 
19 are typically formed with Ta or Zr. The 
ferromagnetic layer 17 is typically formed with 
CoFe. The ant if erromagnetic layer 18 is formed 
with manganese - including antif errornagnetic 
material, typically PtMn, or IrMn. The positions 
of the ferromagnetic layer 17 and the 
ant if erromagne tic layer 18 may be permutated. 

As is the case of the antif erromagnetic 
layer 7, the an t if erromagne t ic layer 18 
potentially causes manganese diffusion. In order 
to resolve the problem of the manganese diffusion, 
in the case that the magnetoresistance element 
includes the magnetic bias layer 20, the magnetic 
bias layer 20 is disposed on the oxide layer 14 
and an oxide layer 21 is disposed between the 
magnetic bias layer 20 and the top contact layer 
15. The oxide layer 14 prevents manganese 
diffusion into the tunnel dielectric layer 9, 
while the oxide layer 21 prevents manganese 
diffusion into the top interconnection 3. 
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Characteristics required for the oxide 
layer 21 are identical to those for the oxide 
layer 13, and thus preferred materials and 
structures for the oxide layer 13 are also 
preferable for the oxide layer 21. Firstly, in 
order for the oxide layer 21 to be fine- 
structured, thermally stable against high 
temperature, and to exhibit an increased 
resistance against the interdif fusion , the oxide 
layer 21 is preferably formed with oxide of 
aluminum, magnesium, silicon, hafnium, lithium, 
calcium, or titanium. Furthermore, the resistance 
of the oxide layer 21 in the thickness direction 
is preferably smaller than that of the tunnel 
dielectric layer 9. Additionally, the thickness 
of the oxide layer 21 is preferably reduced below 
1 nm, to extremely reduce the resistance of the 
oxide layer 14, and to thereby improve the SN 
ratio of detecting the resistance of the tunnel 
dielectric layer 9. Finally, forming the oxide 
layer 21 with the same material as the tunnel 
dielectric layer 9 desirably allows -the formation 
of the oxide layer 21 and the tunnel dielectric 
layer 9 with the same apparatus and material, and 
thereby reduces the fabrication cost of the MRAM. 

The oxide layer 21 is preferably formed 
with oxide of material more reactive to oxygen 
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than material included in layers in contact with 
the bottom and top surfaces thereof (that is, the 
bottom contact layer 12 and the seed layer 5), 
the bottom surface designating the surface on the 
side of the substrate 1. The use of oxide of 
material not satisfying this requirement 
undesirably allows the oxide diffusion into the 
layers in contact with the bottom and top 
surfaces of the oxide layer 21, and thus spoils 
the diffusion resistance of the oxide layer 21, 
In the case that tantalum is used for the top 
contact layer 15, and tantalum or chromium is 
used for the protective layer 19, the oxide layer 
21 is preferably formed with oxide of aluminum, 
magnesium, silicon, hafnium, lithium, calcium, or 
tantalum, which have smaller free energies of 
oxide formation than those of tantalum and 
chromium . 

The structures of the bottom contact layer 
12" shown in Fig. 2, the top contact layer 15' 
shown in Fig. 3, the fixed ferromagnetic layer 8 
shown in Fig. 5, the free ferromagnetic layers 10 
shown in Figs. 10 through 14, the magnetic bias 
layer 20 shown in Fig. 14 may be combined. For 
example, a structure shown in Fig. 15 may be the 
case. The MR AM shown in Fig. 15 has the fixed 
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ferromagnetic layer 8 composed of the composite 
magnetic layer 8a and the ferromagnetic layer 8b. 
Additionally, the MRAM has the free ferromagnetic 
layer 10 composed of the metal ferromagnetic 
layer 10a, the composite magnetic layer 10b and 
the soft ferromagnetic layer 10c. Furthermore, 
the magnetic bias layer 20 is disposed on the 
oxide layer 14, and the oxide layer 21 is 
disposed between the magnetic bias layer 20 and 
the top contact layer 15. 

Fig. 16 shows a more practical structure of 
a magnetoresis t ance element. The top contact 
layer 15 and the top interconnection 3 is 
connected through a via contact 22. The via 
contact 22 is typically formed with Al , Cu , W, or 
TiN. Additionally in the magne toresi s t ance 
element shown in Fig. 16, the tunnel dielectric 
layer 9 is positioned so as not to overlap the 
via contact 11 in the direction perpendicular to 
the major surface of the substrate 1. Such 
arrangement of the tunnel dielectric layer 9 
desirably reduces defections of the tunnel 
dielectric layer 9. The via contact 11, which is 
formed with metal. Inevitably has an uneven 
surface thereon. Positioning the tunnel 
dielectric layer 9 so as to overlap the via 
contact 11 as shown in Fig. 1 develops an uneven 
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surface thereon, and thus tends to generate 
defects within the tunnel dielectric layer 9 . The 
arrangement in which the tunnel dielectric layer 
9 does not overlap the via contact 11, as shown 
in Fig, 16, reduces defects in the tunnel 
dielectric layer 9. 

In the case that such arrangement is 
adopted that tunnel dielectric layer 9 does not 
overlap the via contact 11, the structures of the 
bottom contact layer 12' shown in Fig. 2, the top 
contact layer 15' shown in Fig. 3, the fixed 
ferromagnetic layer 8 shown in Fig. 5, the free 
ferromagnetic layers 10 shown in Figs. 10 through 
14, the magnetic bias layer 20 shown in Fig. 14 
may be also combined. For example, the structure 
shown in Fig. 17 may be the case. In an MR AM 
shown in Fig. 17, the magnet oresistance element 4 
and the bottom interconnection 2 are electrically 
connected through the thick bottom contact layer 
12'. Furthermore, the fixed ferromagnetic layer 8 
is composed of the compound magnetic layer 8a and 
the ferromagnetic layer 8b. The magnetic bias 
layer 20 is disposed on the oxide layer 14, while 
the oxide layer 21 is disposed between the 
magnetic bias layer 20 and the top contact layer 
15 . 

Such' arrangement that the tunnel dielectric 
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layer 9 does not overlap the via contact 11 in 
the direction perpendicular to the major surface 
of the substrate 1, as shown in Fig. 18, is 
preferable for the case that the bottom 
interconnection 2, which is electrically 
connected to the via contact 11, is dedicated to 
read operations of the MRAM, and a write 
interconnection 2' is additionally disposed 
parallel to the interconnection 2; the write 
interconnection 2' is electrically isolated from 
the bottom interconnection 2. When this 
arrangement is adopted, determining the data 
stored in the free ferromagnetic layer 10 (that 
is, detecting the resistance of the tunnel 
dielectric layer 9) is achieved through detecting 
a current generated by a voltage applied between 
the top and bottom interconnections 3 and 2. The 
data write into the free ferromagnetic layer 10, 
on the other hand, is achieved by developing 
currents through the top interconnection 3 and 
the write interconnection 2 1 . 

Furthermore, in the case that' the top 
Interconnection 3 is formed with a copper layer, 
as shown in Fig. 18, the oxide layer 14, which is 
disposed between the free ferromagnetic layer 10 
and the top interconnection 3 , is disposed to 
separate the top interconnection 3 from a 
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interlayer dielectric (not denoted by numeral) 
covering the magne toresistance element 4. In this 
case, the top contact layer 15 is omitted; 
instead, a protective layer 23 is disposed 
between the free ferromagnetic layer 10 and the 
oxide layer 14. The protective layer 23 is 
typically formed with tantalum or zirconium. This 
structure desirably prevents both the 
interdif fusion between the magne tores is tance 
element 4 and the top interconnection 3 and the 
diffusion of the interlayer dielectric with 
copper included in the top interconnection 3. 

It is apparent that the structures of the 
magnetoresistance elements 4 described in this 
embodiment may be applied to magnetic read heads. 

Experimental Results 

The improvement in the magnetoresistance 
element through disposing the oxide layers 13 and. 
14 has been investigated using two samples having 
the structures described below: 

Comparative Example 1 

substrate/Ta(3nm)/AlCu(50nm)/Ta(3nm)/Ni 81 Fe 19 (3nm) 
/ IrMn ( 1 Onm) /Co 90 Fe 10 ( 6nm) /A10 x ( 2nm ) /Co 90 Fe 10 ( 2 . 5nm) 
/Ni 81 Fe 19 (7.5nm)/Ta(5nm)/AlCu(300nm), and 
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Example 1 (the present invention) 
substrate/Ta(3nm)/AlCu(50nm) / Ta ( 3nm ) / 
Al 2 0 3 (lnm)/Ta(3nm) /Ni n Fe 19 ( 3nm ) /IrMn ( lOnm ) / 
Co 90 Fe 10 (6nm)/AlO x (2nm)/Co 90 Fe 10 (2. 5nm)/ 
5 Ni 81 Fe 19 ( 7 . 5nm)/Al 2 0 3 ( 1 nm ) / Ta ( 5nm ) / AlCu ( 3 0 Onm ) . 

Comparative Example 1 corresponds with the 
structure shown in Fig. 1 with the oxide layers 
13 and 14 omitted. Example 1 corresponds with the 
10 structure shown in Fig. 1, having the oxide 
layers 13 and 14 formed with A1 2 0 3 of 1 nm in 
thickness. The AlCu layer of 50 nm in thickness 
corresponds with the bottom interconnection 2, 
while the AlCu layer of 300 nm in thickness 
15 corresponds with the top interconnection 3. 

Fig. 19 illustrates changes in MR ratios of 
Comparative Example 1 and Example 1 depending on 
the thermal treatment temperature. Comparative 
Example 1 experience reduction in the MR ratio 
20 after the thermal treatment at the temperatures 
over 300° C, while Example 1 is resistant to the 
thermal treatment at or below 300° 6, and 
experiences minor reduction after the thermal 
treatment over 300° C. It is considered that this 
25 results from that the oxide layers 13 and 14, 

formed with A1 2 0 3 of 1 nm in thickness, prevents 
the diffusion of aluminum and copper form the 
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AlCu layer into the magnetic tunnel junction. 

Next, the effect of the oxide layer 13 
against the diffusion of nickel and manganese 
from the buffer layer 6 and the ant if erromagnetic 
layer 7 into the bottom interconnection 2 has 
been investigated using three samples having the 
structures described below: 

Comparative Example 2 

substrate/Ta(3nm)/AlCu(50nm)/Ta(3nm)/Ni el Fe 19 (3nm) 
/IrMn( lOnm) /Co 90 Fe 10 (4nm) , 

Example 2 (the present invention) 

substrate/Ta(3nm) /AlCu( 5 0nm ) /Ta ( 3nm ) /A1 2 0 3 { lnm ) / 
Ta(3nm)/Ni 81 Fe 19 ( 3nm)/IrMn( lOnm) / Co 90 Fe 10 ( 4nm), and 

Example 3 (the present invention) 
substrate/Ta(3nm)/AlCu(50nm)/Ta(3nm) /MgO(lnm) 
/Ta( 3nm) /Ni 81 Fe 19 ( 3nm) /IrMn (10nm)/Co 90 Fe 10 (4nm) . 

Comparative Example 2 corresponds with a 
portion of the structure of Fig. 1 between the 
tunnel dielectric layer 9 and the substrate 1 
with the oxide layer 13 omitted. Example 2 
corresponds a portion of the structure of Fig. 1 
between the tunnel dielectric layer 9 and the 
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substrate 1, having the oxide layer 13 formed 
with A1 2 0 3 of 1 nm in thickness* Example 3 
corresponds a portion of the structure of Fig. 1 
between the tunnel dielectric layer 9 and the 
substrate 1, having the oxide layer 13 formed 
with MgO of 1 nm in thickness. For all the 
samples, the AlCu layers of 50 nm in thickness 
correspond with the bottom electrodes 2. 

Fig. 20 illustrates changes in sheet 
resistances of the AlCu layers depending on the 
thermal treatment temperature obtained from 
Comparative Example 2 and Example 2. Comparative 
Example 2, which does not include the oxide layer 
13, suffers from a remarkable increase in the 
sheet resistance of the AlCu layer after the 
thermal treatment at the temperatures over 300° C. 
In contrast. Example 2, which includes the oxide 
layer 13 of A1 2 0 3 , exhibits no increase in the 
sheet resistance after the thermal treatment at 
350° C, and experiences only a minor increase in 
the sheet resistance after the thermal treatment 
at about 400° C . 

Fig. 21 illustrates sheet resistances of 
the AlCu layers of Comparative Example 2 , and 
Example 2 and 3 after thermal treatment at 
various temperatures. As shown in Fig. 21, 
Comparative Example 2, which does not include the 
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oxide layer 13, experiences an increase in the 
sheet resistance after the thermal treatment at 
the temperatures of 350° and 400° C. In contrast 
Example 2, which has the oxide layer 13 formed 
with A1 2 0 3 , and Example 3, which has the oxide 
layer 13 formed with MgO, are not influenced by 
the thermal treatment at 350° C. Furthermore, 
Examples 2 and 3 experience only minor increases 
in the sheet resistance after the thermal 
treatment at 400° C. 

Next, the effect of the oxide layer 14 
against the interdif fusion between the top 
interconnection 3 and the free ferromagnetic 
layer 10 has been investigated using two samples 
having the following structures: 

Comparative Example 3 

substrate/Ta(1.5nm)/Co 90 Fe 10 (10nm)/A10 x (2nm)/ 
Co 90 Fe I0 (2.5rim)/Ni ai Fe 19 (7.5nni)/Ta(5nm)/AlCu( 300nm) 
and 

Example 4 (the present invention) 
substrate/Ta(1.5nm)/Co 90 Fe 10 (10nm)/A10 x (2nm)/ 
Co 90 Fe 10 ( 2 . 5nm) /Ni 81 Fe 19 ( 7 . 5nm) /A1 2 0 3 ( lnm) /Ta( 5nm) / 
AlCu{ 300nm) . 
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For both of Comparative Example 3 and 
Example 4, the Co 90 Fe 10 layer of 2.5 nm in 
thickness and the Ni 81 Fe 19 layer of 7.5 nm in 
thickness correspond with the free ferromagnetic 
layer 10, while the AlCu layer of 300 nm in 
thickness corresponds with the top 

interconnection 3. The A1 2 0 3 layer incorporated 
within the Example 4 corresponds with the oxide 
layer 14. In order to exclude influences caused 
by manganese, Comparative Example 3 and Example 4 
do not include the ant if erromagnetic layer 7. 

Fig. 22 illustrates changes in the MR 
ratios of Comparative Example 3 and Example 4 
depending on the thermal treatment temperature. 
Example 3 suffers from decrease in the MR ratio 
after the thermal treatment at or over 300° C, 
while Example 4 is resistant against the thermal 
treatment at relatively high temperature up to 
370° C. Furthermore, Example 4 achieves an MR 
ratio of 20 % after the thermal treatment at 400° 
C. It is considered that this results from that 
the oxide layer 14, formed with Al ? 6 3 of lnm in 
thickness prevents the diffusion of aluminum and 
copper from the AlCu layer into the magnetic 
tunnel junction. 

Fig. 23 illustrates a magnetization curve 
of the Ni 81 Fe 19 layer within Comparative Example 3, 
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while Fig, 24 illustrates a magnetization curve 
of the Ni 81 Fe 19 layer within Example 4. The 
magnetization curves are obtained with a 
vibrating magnetometer. As shown in Fig. 23, 
Example 3 experiences a decrease in the saturated 
magnetization, deterioration in the 
rect angular ity of the hysteresis curve, and an 
increase in the coercive field after the thermal 
treatment at 380° C. This results from the 
interdif fusion between the AlCu layer and the 
Ni 81 Fe 19 layer. In contrast, the magnetization 
curve of Example 4 is not influenced by the 
thermal treatment at 380° C. This results from 
that the Al 2 O x prevents the interdif fusion between 
the AlCu layer and the Ni 81 Fe 19 layer. 

Next, the effect of the oxide layer 14 
formed with A1 2 0 3 or MgO against the 

in t erdi f f us ion between the top interconnection 3 
and the free ferromagnetic layer 10 has been 
investigated with four samples described below: 

Comparative Example 4 

substrate/Co 90 Fe 10 (2 . 5nm)/Ni ai Fe 19 ( 7 . 5nm) / Ta(6nm) / 
AlCu ( 3 OOnm ) , 



Comparative Example 5 
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substrate/Co 90 Fe 10 (2.5nm)/Ni 81 Fe 19 (7.5nm)/Ta(50nm)/ 
AlCu ( 300nm) , 

Example 5 (the present Invention) 

substrate/Co 90 Fe 10 (2 . 5nm )/Ni fll Fe 19 (7. 5nm )/Al 2 0 3 ( lnm ) 
/Ta( 6nm) /AlCu(300nm) , and 

Example 6 (the present invention) 

substrate/Co 50 Fe 10 (2. 5nm) / Ni 81 Fe 19 (7. 5nm) /MgO( lnm) / 
Ta(6nm)/AlCu(300nm) . 

Comparative Example 4 corresponds a portion 
of the structure of Fig. 1 with the oxide layer 
14 omitted, the portion being positioned over the 
tunnel dielectric layer 9 apart from the 
substrate 1. Comparative Example 5 is similar to 
Comparative Example 4 in the structure except for 
that the Ta layer, which corresponds with the top 
contact layer 15', is increased in thickness up 
to 50 nm, to prevents the diffusion from AlCu 
layer, which corresponds with the top 
interconnection 3. Example 5 corresponds with a 
portion of the structure shown in Fig. 1, the 
portion being positioned over the tunnel 
dielectric layer 9 apart from the substrate 1, 
with the oxide layer 14 formed with A1 2 0 3 of 1 nm 
in thickness. Example 6 corresponds with a 
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portion of the structure shown in Fig. 1 # the 
portion being positioned over the tunnel 
dielectric layer 9 apart from the substrate 1, 
with the oxide layer 14 formed with MgO of 1 nm 
5 in thickness. For all of Comparative Examples 4 
and 5, and Examples 5 and 6, the layered 
structure consisting of the Co 90 Fe 10 layer and the 
Ni B1 Fe 19 layer corresponds with the free 
ferromagnetic layer . 
10 Fig. 25 illustrates changes in saturated 

magnetizations of the free ferromagnetic layers 
within Comparative Examples 4 and 5, and Examples 
5 and 6 depending on the thermal treatment 
temperature. As shown in Fig. 25, Comparative 
15 Example 4 experiences reduction in the saturated 
magnetization and increase in the coercive force 
after the thermal treatment at 380° C; the thermal 
treatment at 400° C eliminates the saturated 
magnetization, and results in that the 
20 magnetization curve is resorted to exhibit 

paramagnetic properties. Although not exhibiting 
as severe increase of the coercive force as 
Comparative Example 4, Comparative Example 5 
experiences decrease in the saturated 
25 magnetization as increase in the thermal 

treatment temperature. Furthermore, Comparative 
Example 4 experiences severe interdif fusion 
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between the AlCu layer and the Co 90 Fe 10 /Ni 81 Fe 91 
layers, where the AlCu layer corresponds to the 
top interconnection, and the Co 90 Fe 10 /Ni 81 Fe 91 
layers correspond to the free ferromagnetic layer 
5 10. Although preventing the interdif fusion 

between the Al layer and the layered structure of 
the Co 90 Fe i0 layer, and the Ni 81 Fe 19 layer. 
Comparative Example 5 exhibits the interdif fusion 
between the Ta layer of 50 nm in thickness and 

10 the structure consisting of the Al layer, the 

Co 90 Fe 10 layer and the Ni ai Fe 19 layer:, where the Ta 
layer corresponds with the top contact layer 15'. 
In contrast. Examples 5 and 6 do not exhibit 
changes in the saturated magnetizations for all 

15 the tested thermal treatment temperatures; this 
depicts that Examples 5 and 6 are resistant 
against the thermal treatment at relatively high 
temperatures up to 400° C. 

20 Next, it has been investigated that the 

oxide layer 14 formed with A10 x layer achieves 
reduction in the thickness of the free 
ferromagnetic layer 10 down to or below 3 nm , 
using samples described below: 

2 5 

Example 7 (the present invention) 
substrate/Ta(10nm)/A10 x /Ni 81 Fe 19 /A10 x /Ta(10nm) . 
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The A10 x layer relatively close to the 
substrate corresponds with the tunnel dielectric 
layer 9, and the Ni 81 Fe 19 layer corresponds with 
the free ferromagnetic layer 10 . Additionally, 
the A10 x layer relatively far from the substrate 
corresponds with the oxide layer 14, and the 
tantalum layer far from the substrate corresponds 
with the top contact layer 15. The A10 x layer 
corresponding with the tunnel dielectric layer 9 
is formed through oxidization of an aluminum film 
of 1.5 nm in thickness with oxygen plasma, while 
the A10 x layer corresponding with the oxide layer 
14 is formed through oxidization of an aluminum 
film of 0.65 nm in thickness with oxygen plasma. 
The thicknesses of the Ni 81 Fe 19 layers are selected 
out of 3.0 nm, 2.6 nm, 2.2 nm , 1.4 nm and 1.0 nm. 
The Nl al Fe 19 layers are formed through sputtering. 
The thermal treatment and measurement of 
magnetizations are implemented under the same 
conditions used for the samples in connection 
with Fig. 26. That is, the thermal treatment 
temperature ranges between 250° and 400° C, and 
the duration is 30 minutes. The magnetizations M s 
is measured with a vibrating magnetometer. 

As shown in Fig. 36, Example 7 exhibits 
stable 4jiM g # t against the thermal treatment up to 
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400° C even if the thickness thereof is reduced 
down to 1.4 nm. Example 7 achieves reduction in 
4jtM s *t down to 1.2 (T*nm) from the conventional 
value 2.2{T , nm) . The coercive force of the free 
5 ferromagnetic layers within Example 7 is stable, 
ranging between 0.5 and 1.5 (Oe). This implies 
that disposing the oxide layer 14 achieves the 
reduction in the free ferromagnetic layer 14, and 
thereby reduces the coercive force sufficiently 
10 and stably. 

Next, the effect of the reduction in the 
product M s • t , which is allowed by forming the free 
ferromagnetic layer 10 with the ferromagnetic 
15 layer 10a and the diffusion layer 10b, has been 
investigated with samples described below: 

Example 8 (the present invention) 
substrate/ Ta( lOnm) / A10x/Ni 81 Fe 19 ( 1 . 6nm) / 
20 non-magnetic metal lay er / AlOx/ Ta ( 1 Onm ) . 

The A10 x film relatively close to the 
substrate corresponds with the tunnel dielectric 
layer 9. The Ni 81 Fe 19 film corresponds with the 
25 ferromagnetic layer 10a within the free 

ferromagnetic layer 10, and the non-magnetic 
metal layer corresponds with the diffusion layer 
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10b. The A10 x film relatively far from the 
substrate corresponds with the oxide layer 14, 
and the Ta film corresponds with the top contact 
layer 15. The A10 x film corresponding with the 
tunnel dielectric layer 9 is formed through 
oxidization of an aluminum film of 1.5 nm in 
thickness with oxygen plasma, while the A10 x film 
corresponding with the oxide layer 14 is formed 
through oxidization of an aluminum film of 0.65 
nm in thickness with oxygen plasma. A tantalum 
films having thickness of 0.6 and 0.3 nm, a 
ruthenium film having a thickness of 0.3 nm, and 
a copper film having a thickness of 0.3 nm are 
used as the non-magnetic metal layer: 

As illustrated in Fig. 37, the structure of 
Example 8 achieves reduction in 4jcM s • t of the 
Ni 81 Fe 19 film down to or below 1 (T-nm). 
Additionally, 4;tM s *t of the Ni 81 Fe 19 film within 
Example 8 is stable against the thermal treatment 
at 400° C. The coercive forces of the Ni 81 Fe 19 
film of Example 8 are reduced below 1.5 (Oe) ; 
this implies that Example 8 achieves the 
sufficiently reduced coercive force. 



Next, it has been investigated that 
disposing a non-magnetic metal layer in the free 
ferromagnetic layer 10 achieves the reduction in 
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the product M s * t using samples described below: 

Example 9 (the present invention) 
substrate/Ta(10nm)/A10 x /Ni 81 Fe 19 (l,6nm)/ 
non-magnetic metal layer/Ni 81 Fe lg (0.8nm)/A10 x / 
Ta{ lOnm) . 

The A10 x film relatively close to the 
substrate corresponds with the tunnel dielectric 
layer 9, and the pair of the two Ni 81 Fe 19 films, 
which sandwiches the non-magnetic metal layer, 
corresponds with the ferromagnetic layers 10a and 
10c, respectively. The non-magnetic metal layer 
corresponds with the diffusion layer 10b. 
Additionally, the A10 x film relatively apart from 
the substrate corresponds with the oxide layer 14, 
and the Ta film relatively apart from the 
substrate corresponds with the top contact layer 
15. The A10 x film corresponding with the tunnel 
dielectric layer 9 is formed through oxidization 
of an aluminum film of 1.5 nm in thickness with 
oxygen plasma, and the A10 x film corresponding 
with the oxide layer 14 is formed through 
oxidization of an aluminum film of 0.65 nm in 
thickness with oxygen plasma. A tantalum film of 
0.3 nm is used as the non-magnetic metal film. 
As illustrated in Fig. 37, Example 9 
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achieves reduction in 4jtM s *t of the free 
ferromagnetic layer 10 down to or below 1 (T-nm), 
and the 4riM s *t is stable against the thermal 
treatment at 400° C. This proves that optimizing 
material, the thickness, and the position of the 
non-magnetic metal layer enables reduction and 

stabilization of the product 4jcM s # t pf the free 
ferromagnetic layer 10. 

Next, it has been investigated that 
oxidizing a portion of the free ferromagnetic 
layer 10 achieves reduction in the product M s • t 
using samples described below: 

Comparative Example 6 

substrate/Ta(10nm)/A10 x /Ni 81 Fe 19 (2,2nm) /A10 x / 
Ta ( lOnm ) , and 

Example 10 (the present invention) 
substrate/Ta(10nm) / A!O x /Ni 81 Fe 19 /NiFeO x / 
A10 x /Ta( lOnm) . 

The A10 x films relatively close to the 
substrates correspond with the tunnel dielectric 
layer, and the Ni fll Fe 19 layers correspond with the 
free ferromagnetic layer. In addition, the A10 x 
films relatively apart from the substrates 
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correspond with the oxide layer 14, and the Ta 
films relatively apart from the substrates 
correspond with the top contact layer 15. The 
A10 x films corresponding with the tunnel 
5 dielectric layer 9 is formed through oxidization 
of an aluminum film of 1.5 nm in thickness. The 
Ni el Fe 19 films, the NiFeO x film and the A10 x films 
corresponding with the oxide layer 14 are formed 
through processes described below; a Ni n Fe 19 film 

10 of 2.2 nm in thickness is firstly deposited on 
the A10 x film corresponding with the tunnel 
dielectric layer 9. An aluminum film of 0.65 nm 
in thickness is deposited on the Ni ai Fe 19 film. 
After the deposition of the aluminum film, the 

15 surface of the aluminum film is subjected to 
oxygen plasma. Through subjecting to oxygen 
plasma, the aluminum film and a portion of the 
Ni 81 Fe 19 film are oxidized to form the NiFeO x film 
and the A10 x film corresponding with the oxide 

2 0 layer 1 4 . 

As shown. in Fig. 37, Example 10 exhibits 
4jtM s *t of the free ferromagnetic layer 10 smaller 
than that of Comparative Example 6. This implies 
that partially oxidizing the free ferromagnetic 

25 layer 10 achieves the reduction in the product 
M s • t . 
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In order to prove that the reduction in the 
produce M s • t reduces the coercive force of the 
free ferromagnetic layer 10 having a size less 
than 1 micron, magnetizations of do t -pat terned 
5 samples has been evaluated. Magnetoresis tance 

elements have been patterned into samples of oval 
dots having the size of 0.5 x 1.0 ^un , and the 
processed samples have been evaluated. Patterning 
the structure into dots is achieved by 
10 photolithography and ion milling techniques. The 
sectional structures of the processed samples are 
as follows : 

Comparative Example 7 
15 substrate/Ta(3 0nm) /Ni 81 Fe 19 ( 2 nm ) / I r 20 Mn 80 / C o 9 0 Fe 10 / 
A10 x /Ni 81 Fe 19 ( 3nm) /Ta( lOnm) , and 

Example 11 (the present invention) 

substrate/Ta(3 0nm) /Ni 61 Fe 19 (2nm)/Ir 20 Mn 80 /Co 90 Fe 10 / 
2 0 A10 x /Ni 81 Fe 19 ( 1 . 6nm) / A10 x / Ta ( 1 Onm ) . 

The A10 x film relatively close to the 
substrate corresponds with the tunnel dielectric 
layer 9, and the Ni 81 Fe i9 layer disposed on the 
25 A10 x film corresponding with the tunnel dielectric 
layer 9 corresponds with the free ferromagnetic 
layer 10. Additionally, the A10 x film relatively 
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apart from the substrate corresponds with the 
oxide layer 14, and the Ta film relatively apart 
from the substrate corresponds with the top 
contact layer 15. The A10 x film corresponding 
with the tunnel dielectric layer 9 is formed 
through oxidization of an aluminum film of 1.5 nm 
in thickness with oxygen plasma, and the A10 x film 
corresponding with the oxide layer 14 is formed 
through oxidization of an aluminum film of 0.65 
nm in thickness with oxygen plasma. A Ta film of 
0.3 nm in thickness is used as the non-magnetic 
layer. The free ferromagnetic layer 10 of 
Comparative Example 7 has a thickness of 3.0 nm, 
which is the minimum value achieved by the 
conventional technique. The product 4jtM s -t of 
Comparative Example 7 is 2.2 ( T • nm ) , while the 
product 47tM s 't of Example 11 is 1.5 ( T « nm ) . 

Fig. 38 illustrates magnetization curves of 
the free ferromagnetic layers of Comparative 
Example 7 and Example 11. It should be noted that 
the offset magnetic fields are cancelled to 
appropriately compare the coercive forces. The 
free ferromagnetic layer of Example 11 exhibits a 
coercive force of 10 (Oe), which is smaller than 
that of Example 7; Example 7 exhibits a coercive 
force of 18 (Oe). As thus described. Example 11, 
which exhibits reduction in 4jiM s 't, also exhibits 
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reduction in the coercive force. 

Next, it has been investigated that 
disposing the oxide layer 14 improves 
rect angularity of the magnetoresis tance curve of 
the free ferromagnetic layer, and also reduces 
variation in the coercive force, using samples of 
magnetoresistance elements having layered 
structures as described below: 

Comparative Example 8 

substrate/Ta(30nm)/NiFe(2nm) /Ir 20 Mn 80 ( lOnm) / 
Co 90 Fe 10 ( 1 . 5nm) / A10 x / NiFe ( 3 nm ) / Ta ( 3 0 nm ) , 

Comparative Example 9 

substrate/Ta(30nm)/NiFe(2nm) / Ir 20 Mn 80 ( 1 Onm ) / 
Co 90 Fe 10 (1.5nm) / A10 x /NiFe { 4nm ) / Ta ( 3 Onm ) , and 

Example 12 (the present invention) 
substrate/Ta(30nm)/NiFe(2nm) / Ir 20 Mn 80 ( 1 Onm ) / 
Co 90 Fe 10 ( 1 . 5nm) /A10 x /NiFe ( 2nm) /A10 x /Ta (30nm) . 

i 

The A10 x films relatively close to the 
substrate correspond with the tunnel dielectric 
layer 9, and the Ni 81 Fe 19 layers disposed on the 
A10 x films corresponding with the tunnel 
dielectric layer 9 correspond with the free 
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ferromagnetic layer 10. All of the NiFe layers of 
Comparative Examples 8 and 9, and Example 12 have 
nickel concentrations less than 82 %; therefore, 
all the magnetostriction constants of these NiFe 
layers are positive. It should be noted that the 
nickel concentrations of the NiFe layers are 
different from one another, and thus the 
magnetostriction constants are different from one 
another. The magnetostriction constants of the 
NiFe layers of Comparative Examples 8 and 9, and 
Example 12 are approximately 2 x 10' 5 f 9 x 10~ 7 , 
and 5 x 10~ 6 , respectively. 

The maghetoresis tance elements are 
fabricated through processes as described below; 
after forming word lines of AlCu interconnections 
(which correspond with the bottom interconnection 
2), the word lines are covered with SiO x films, 
which functions as interlayer dielectrics. After 
the SiO x films are planarized with a CMP (chemical 
mechanical polishing) technique, stacks of layers 
for forming the magnet oresistance elements are 
disposed on the planarized S10 x films. The stacks 
are formed through a magnetron sputtering 
technique. After subjecting the stacks to a 
thermal treatment at 275° C with a magnetic field 
of 5 kOe applied thereto, the stacks are 
processed through photolithography and ion 
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milling techniques into ovals having a size of 
0.7 x 1.4 jim to obtain the magnet oresistance 
elements. The aspect ratio of the 

magnet oresistance elements is two. The contact 
interfaces between the free ferromagnetic layers 
and the tunnel dielectric layers within the 
magnetoresis t ance elements are positioned over 
the word lines. The magnetoresis tance elements 
are not directly connected to the word lines. The 
distance of the contact interfaces from the word 
lines in the magnetoresis tance elements is 
approximately 200 nm . And the width of the word 
lines is 1 \im . The major axes of the 
magnet oresistance elements are directed in the 
word line direction, and the crystalline magnetic 
anisotropy of the magnet oresis tance elements has 
its easy axis directed in the major axis 
direction through thermal treatment and 
sputtering with a magnetic field applied thereto. 
The width of the word lines is approximately 
sized to be as large as the width of the 
magnetoresis tance elements in the minor axis 
direction. SiO x films are additionally deposited 
as interlayer dielectrics to cover the 
magnet oresistance elements. After forming via 
holes through the deposited SiO x films to expose 
the upper surfaces of the magnetoresis tance 
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elements, AlCu alloy films are then deposited to 
entirely cover the SiO x films. This followed by 
forming bit lines (which correspond with the top 
interconnection 3) through pattering the AlCu 
alloy films with photolithography and etching 
techniques. The bit lines and the word lines are 
perpendicular. The word lines exert strong 
compressive stress in the minor axis direction of 
the magnetoresistance elements. Since the 
magnetostriction constants of the free 
ferromagnetic layers within the fabricated 
magnetoresistance elements are positive, stress- 
induced magnetic anisotropy with the easy axis in 
the major axis direction of the magnetoresistance 
elements is induced. Therefore, the crystalline, 
shape -induced and s t r e s s - in due e d magnetic 
anisotropy are approximately directed in the same 
direction, and thus, the magnetoresistance 
elements exhibit uniaxial magnetic anisotropy 
having the easy axis directed in the major axis 
direction . 

A set of ten samples are selected out of 
the magnetoresistance elements for each of 
Comparative Examples 8 and 9 and Example 12, and 
magnetoresistance curves of the free 

ferromagnetic layers of the selected samples have 
been measured. Figs. 39A through 39C illustrate 
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the measured magnetoresist ance curves. As shown 
in Fig, 39A, the free ferromagnetic layer of 
Comparative Example 8 exhibits a reduced 4jtM 6 • t 
value of 2.2 ( T • nm ) . Although the shape- induced 
5 magnetic anisotropy thereof is small, the free 
ferromagnetic layer of Comparative Example 8 
exhibits a coercive force of 21 (Oe) , which is 
the largest value. It is considered that the 
increase in the coercive field results from an 
10 increase in the s tress - induced magnetic 
anisotropy caused by the increased 

magnetostriction constant thereof. Additionally, 
although exhibiting an improved rectangular ity of 
the magnetoresistance curves. Comparative Example 

15 8 suffers from the variation of the 

magnetoresistance curves. This implies that a 
severe interdif fusion occurs between the Ta film 
and the NiFe film, and thereby leads to the 
variation in the magnetostriction constants 

20 caused by the composition variation; these result 
from that the free ferromagnetic layer has a 
reduced thickness of 3 nm, which is 'close to the 
conventional lower limit. 

As shown in Fig. 39B, although having the 

25 smallest coercive force of 13 ( Oe ) , the 

magnetoresistance elements of Comparative Example 
9 experience deterioration of the rectangular! ty 
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of the magnetoresist ance curves; the loops 
thereof are slanting. Additionally, Comparative 
Example 9 suffers from Barkhausen noise. It is 
considered that this reflects the fact that the 
coercive force is decreased due to the reduction 
of the uniaxiality caused by the substantially 
eliminated s t res s - induced magnetic anisotropy, 
which is caused by the extremely reduced 
magnetostriction constant thereof, and that the 
influence of the demagnetizing field is enhanced 
by an increase in 47tM 8 # t of the free ferromagnetic 
layer up to 3.2 ( T • nm ) and a reduction in the 
aspect ratio of the elements down to 2. With 
respect to the magnet oresistance elements of 
Comparative Example 9, reducing the demagnetizing 
field and enhancing the shape - induced magnetic 
anisotropy through increasing the aspect ratio 
are required to improve the rectangular! ty and 
variation of the magnet oresis tance curves. This 
faces problems of an increase in the element size 
and coercive force. 

As shown in Fig. 39C, the maghetoresis tance 
elements of Example 12 exhibit superior 
characteristics; the coercive force of the free 
ferromagnetic layer is reduced down to 16 (Oe), 
the rect angular ity of the magnetoresis tance 
curves improved, and the variation in the 
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coercive force is most reduced. It is considered 
that this results from that the magnet oresistance 
elements in accordance with the present invention 
achieve reduction in the variation of the 
magnetostriction constant, and thereby exhibits 
stable s tress - induced magnetic anisotropy of 
appropriate strength, and also reduce the 
demagnetizing field and shape - induced magnetic 
anisotropy through minimizing 4:tM s 't of the free 
ferromagnetic layer approximately down to 2 
( T • nm ) . 

An experiment described below has proved 
that the magnetor esis t ance element in accordance 
with the present invention, which have the 
s t res s- induced magnetic anisotropy controlled 
appropriately, achieves both a reduced aspect 
ratio and stabilized properties. 

Magnet oresistance elements having various aspect 
ratios in accordance with Comparative Example 9 
and Example 10 have been fabricated. The lengths 
of the minor axes of the magn e t or e s is t an ce 
elements are 0.5 or 0.7 \xm , and the aspect ratios 
thereof are in the range between 1.0 and 3.5. The 
samples according to Example 12, which have an 
increased magnetostriction constant, exhibit an 
increased ratio of the s tres s - indue ed magnetic 
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anisotropy to the shape - induced magnetic 
anisotropy, denoted by K2/K3; the ratio K2/K3 is 
increased up to or above 0.6 for all the tested 
aspect ratio. It should be noted that ones having 
5 the aspect ratio less than 1.6 out of the samples 
of Example 12 exhibit the s t res s - Induced magnetic 
anisotropy larger than the shape - induced magnetic 
anisotropy, that is, exhibit the ratio K2/K3 more 
than 1.0. 30 magnetoresis tance elements are 

10 fabricated for each condition, and 

magnetoresis tance curves of the fabricated 
magnetoresis tance elements have been evaluated. 
This followed by the calculation of yields. In 
calculating the yields, magn e t o re s i s tance 

15 elements exhibiting abnormal magnet oresistance 

curves, such as those exhibiting Barkhausen noise 
and tilt loops in the magnetoresis tance curves, 
are defined as being defective samples. 

Fig. 40 is a graph illustrating the yields 

20 of the magnetoresis tance elements. The 
magnetoresis tance elements according to 
Comparative Example 9, which have reduced 
magnetostriction constants (that is, exhibit 
reduced s t re s s - induced magnetic anisotropy), 

25 achieves sufficiently large yield only for the 

samples of 3.5 in aspect ratio. This implies that 
the samples of Comparative Example 9 require 
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stabilization of the characteristics using the 
shape - induced magnetic anisotropy. In contrast, 
the magnetoresis tance elements according to 
Example 12, which enjoy sufficiently large 
5 st res s - induced magnetic anisotropy, achieve 

sufficiently large yields for the entire range 
between 1.0 and 3.5. This indicates that 
enhancing the s t res s - induced magnetic anisotropy 
beyond the shape - induced magnetic anisotropy 
10 achieves a sufficiently large yield for the 
aspect ratio below 2.0. 



